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Dissertation Abstract - Academic Year 2018
Design and Implementation of Participatory Crowdsensing
Platform for Efficient Information Gathering for Smart Cities
The concept of smart city, where information and communication technology
(ICT) is utilized to improve the efficiency of urban management, has drawn a growing
attention for sustainable development. Participatory crowdsensing is one of funda-
mental techniques to accelerate the development of smart cities where a large group
of individuals having mobile devices collectively share data and extract information.
In participatory crowdsensing, there are task setters who define an object of sensing
as a task, and task executors who actively contribute sensing data to achieve the
task. To make practical use of participatory crowdsensing, it is necessary to design
a platform considering the relationship between task setters and executors. How-
ever, the method of designing such a platform has not been systematically organized,
therefore only a limited number of platforms have been introduced to cities.
The goal of this dissertation is to study the design and implementation of par-
ticipatory crowdsensing platform to enable efficient data collection for smart cities.
This research proposes 3 models, according to the relationships among task setters,
task executors and owners of platform that provides functions such as task setting
and execution for smart cities: in the cases of a)platform owners, task setters and
task executors belong to the same organization, b)platform owners and task setters
belong to the same organization but task executors do not, and c)platform owners
belong to a different organization from task setters and task executors. Regarding
a), Minarepo is proposed to realize efficient data collection inside the organization.
Through experimental deployment for over 2 years, the time spent for each reporting
has been shortened to about half and information collection that can be utilized for
administrative work was achieved. Regarding b), MinaQn is proposed where task
setters can define and distribute sensing tasks on the web platform. Based on the
experiment in cooperation with three cities, 1278 response data were obtained in 2
weeks against daily questions. Regarding c), a platform called Lokemon is proposed
where task setters and executors can have free exchange of sensing tasks. From our
experiments, the effect of attracting users to Point of Interests (PoIs) was confirmed
and also the number of autonomous posting was attained about 2 times. Overall,
it was confirmed that the design proposed in this research contributes to efficient
information gathering for smart cities.
Keywords: Participatory crowdsensing, mobile sensing, smart cities, human com-
puter interaction(HCI), social computing
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博士論文要旨 - 2018年度
スマートシティに向けた効率的な情報収集のための
参加型センシングプラットフォームデザイン及び構築
近年，持続可能な社会に向け，情報技術を活用し効率的な都市運営を行うスマートシティ
への注目が高まっている．また，携帯端末の大幅な普及に伴い，人々が携帯端末を通して
情報をクラウド上に発信する機会が増えた．この機会を活用し，人々から情報収集を行う
手法の一つに参加型センシングがある．参加型センシングは，センシングを行いたい主体
がセンシング対象の情報を含むセンシングタスクを定め（タスク設定者），携帯端末を持つ
人々がそのタスクへの参加を意識して該当する情報を投稿する（タスク実行者）ことで達
成されるセンシング手法である．参加型センシングを実社会において適切に活用すること
で，効率的に人々や地域に関する情報収集を行い，より効果的なサービスを提供すること
が可能となる．参加型センシングの応用には，誰が誰にセンシングタスクを設定するのか
というタスク設定者とタスク実行者の関係に応じてプラットフォームを適切に設計する必
要がある．しかし，両者の関係に応じたプラットフォームのデザイン法は体系化されてい
ない．そのため個々のデザインの手間がかかり都市における導入事例は限定的であった．
本論では，上記課題解決を可能とする参加型センシングプラットフォームをデザインし
構築することで，スマートシティに向けた効率的な情報収集を行う．スマートシティにお
ける参加型センシングでは，タスク設定者，タスク実行者，そして，スマートシティに向
けタスクの設定や実行機能を提供し情報収集を実現するプラットフォームの所持者が存在
する．本研究では，a)プラットフォーム所持者，タスク設定者，タスク実行者が同一組織
に所属する場合，b)プラットフォーム所持者とタスク設定者が同一組織，タスク実行者が
異組織に所属する場合，c)タスク設定者とタスク実行者がプラットフォーム所持者と異組
織に所属する場合に分け，各モデルを実現するプラットフォームを実環境で評価した．
a）に関して，組織内の情報収集効率化を図ったプラットフォーム「みなレポ」を提案・
開発した．主に藤沢市における 2 年以上の実運用により，1 件あたりの報告書類作成時間
が半分程度に短縮し，業務に必要な情報収集・活用が確認された．b）に関して，タスク設
定者が設定した任意のタスクに対してWeb ページ上でタスクを実行することのできるプ
ラットフォーム「MinaQn」を提案・開発し，情報収集の効率化を図った．3都市における
実証実験の結果，日替わりの質問に対し 2 週間で計 1278 個の回答を得た．c）に関して，
関心のある地域や場所（Point of Interest, PoI）にその PoIの特徴を持ったモンスターア
バターを設置し，PoI 内にいる人々がそのモンスターになりきって情報投稿できるプラッ
トフォーム「Lokemon（Location monster）」を提案・開発した．実証実験の結果，モンス
ター設置による PoIへの誘引効果や，その場からの投稿の創出が約 2倍確認された．総じ
て，本デザインがスマートシティに向けた効率的な情報収集に寄与することが確認された．
キーワード: 参加型センシング，モバイルセンシング，スマートシティ，ヒューマン・コ
ンピュータ・インタラクション（HCI），ソーシャルコンピューティング
坂村 美奈
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Chapter 1
Introduction
To improve the quality of people’s lives while taking the finite resources of
the earth into consideration, the importance of sustainable development has
been globally accented since the 1980’s. In order to balance people’s eco-
nomic and social needs with the preservation and enhancement of natural re-
sources with the world’s increasing population, it is necessary to make energy
consumption more efficient. In recent years, there is a trend to realize the
efficiency of resource management by information and communication tech-
nology (ICT). Such efficient processing using computers is often expressed by
the word “smart”, since the word includes the meaning of think and response
quickly and intelligently (e.g., smart grid [77], smart meter [73], smart home
[66]). There is also a move called smart city, which is to optimize city func-
tions and promote economic growth while improving quality of citizens’ lives
via the novel ICT. Today, global population keeps concentrating into cities,
leading to economic and cultural prosperity. On the other hand, a lot of is-
sues in environment, food, education, crime and etc. are becoming increasing
severe. Utilizing ICT (i.e., information gathering, analysis, visualization etc.),
to improve city management and resource utilization is widely considered as a
promising solution against these urban problems. It is notable that the data
collection from urban area plays a fundamental role in the research and de-
velopment of smart cities. Participatory crowdsensing, where a large group
of participants collect and share data of common interest via their portable
devices like smart phones and tablets, is widely recognized as one of the major
sensing technologies to collecting required information to understand the sit-
uation of a city, since it can collect both objective and subjective information
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leveraging human’s perception. By designing and introducing participatory
crowdsensing platform properly into our cities, various information can be
acquired from people comprehensively at low cost.
It has been recent phenomena that city-scale crowdsensing infrastructure
has been recently set up. It is recently that the urban problem became obvious
due to the rapid population inflow into urban areas and the deterioration of
civil infrastructure. Also, mobile devices, especially smartphones have spread
over the last few years, so it can not be said that smartphone literacy is high.
The capability of mobile has improved. It is now possible to acquire various
sensor data, high resolution photos and videos. Especially the GPS got better
accuracy and better battery consumption. In sending such rich data, the
development and construction of network environments such as LTE, 5G, and
WiFi have enabled us to communicate by a large amount of data quickly from
a large part of urban areas. SNS has also become widespread recently, and
people have started posting on mobile.
Despite the fact that the environment for applying participatory crowdsens-
ing on urban scale has been in place, only a limited number of participatory
crowdsensing platforms have been practially deployed into cities yet.
1.1 Problem
The reason why the introduction has not progressed so far is that a participa-
tory crowdsensing platform has not been designed and implemented from the
perspective of application to cities. As a result, many people have not been
involved in participatory crowdsensing so far. In participatory crowdsensing,
there are task setters who define an object of sensing as a task, and task execu-
tors who actively contribute sensing data to achieve the task. In particular, in
order for participatory crowdsensing to be widely used for smart cities, it is im-
portant to design a platform considering the relationship between task setters
and task executors. Besides, in introducing participatory sensing platforms
into cities, there are smart city promoters, namely, owners of platform that
provides functions such as task setting and execution for smart cities. Previ-
ous researches regarding participatory crowdsensing have been designed from
each viewpoint of platform owner, task setter and executor, not designed to be
applied in cities. Therefore, in terms of applying participatory crowdsensing
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to cities, the existing approaches can not solve these complicated problems
in the real world. What is more, there is no sensor streaming infrastructure
assuming the use of participatory crowdsensing in cities. To exchange and
utilize sensor data in city-scale participatory crowdsensing, real-time, flexible,
and scalable sensor data infrastructure is necessary.
1.2 Research Goal
The goal of this dissertation is to study the design and implementation of par-
ticipatory crowdsensing platform to enable efficient data collection for smart
cities. Achieving the goal contributes to the acceleration of efficiently grasping
the current situation as well as predicting the future, so as to provide various
effective services in smart cities.
1.3 Approach
The participatory crowdsensing platform proposed in this dissertation consists
of two parts, a common part and an individual part. The common part is a
sensor streaming infrastructure for participatory crowdsensing, to make data
distribution and preservation between other platforms easier. The individual
part is to realize data collection and utilization. To make practical use of
participatory crowdsensing, it is necessary to design a platform considering
the relationship between task setters and task executors from the viewpoint
of platform owners. According to the relationships among task setters, task
executors and platform owners, this research proposes 3 models: in the cases
of a)platform owners, task setters and task executors belong to the same orga-
nization, b)platform owners and task setters belong to the same organization
but task executors do not, and c)platform owners belong to a different orga-
nization from task setters and task executors.
To validate the effectiveness of the proposed models, three platforms were
implemented accordingly and field experiments were conducted to evaluate
their realistic performance in the cities. Regarding a), Minarepo is proposed to
realize efficient data collection inside an organization. Regarding b), MinaQn
is proposed where task setters can define and distribute sensing tasks on the
web platform. Regarding c), a platform called Lokemon is proposed where
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task setters and executors can have free exchange of sensing tasks.
1.4 Thesis Statement
The thesis statement of this research is as follows.
To apply participatory crowdsensing to efficiently collect information
for providing better urban services at low cost in cities, it is effective to
design the participatory crowdsensing platform considering the follow-
ing typical cases: according to the relationship among platform owners,
task setters and task executors, in the case of a)platform owners, task
setters and task executors belong to the same organization, b)platform
owners and task setters belong to the same organization but task execu-
tors do not, and c)platform owners belong to a different organization
from task setters and task executors.
1.5 Contributions
This dissertation makes the following contributions:
• To foster the development of smart cities, the design of participatory
crowdsensing is systematized when applying it to cities. The design
consists of a common design for data distribution and preservation and
individual design for data collection and utilization. In the data collect-
ing and utilizing part, a viewpoint of platform owner was introduced
and three models have been proposed with the approaches to improve
efficiency of information collection.
• To evaluate the design models in realistic cities, three participatory
crowdsensing platforms are proposed. Specifically, in the case where
the platform owners, task setters and task executors belong to the same
organization, a platform called Minarepo is proposed to enable efficient
data collection inside the organization. In the case where the platform
owners and task setters belong to the same organization but task execu-
tors do not, a platform called MinaQn is proposed where task setters
can define and distribute sensing tasks on the web platform. In the
case where the platform owners belong to a different organization from
4
task setters and task executors, a platform called Lokemon is proposed
where the task setters and executors can have free exchange of sensing
tasks.
• Minarepo was developed on the iOS, Android and web platform. Mi-
naQn was developed on the web platform. Lokemon was developed on
the iOS and Android platform and the applications are open to the pub-
lic. These artifacts will be the fundamental platforms toward further
research opportunities on participatory crowdsensing.
• To validate the proposed platforms, the experiments were conducted to
evaluate their performance, respectively. Regarding Minarepo, through
experimental deployment for over 2 years, it shows that the time spent
for each reporting has been shortened to about half and information
collection that can be utilized for administrative work was achieved.
Regarding MinaQn, based on the experiment in cooperation with three
cities, 1278 response data were obtained in 2 weeks against daily ques-
tions. Regarding Lokemon, our campus-wide comparative experiment
and city-wide experiment among various age groups confirmed the effect
of attracting users to Point of Interests (PoIs) was confirmed and also
the number of autonomous posting was attained about 2 times.
1.6 Dissertation Road-map
Figure 1.1 shows the road-map of this dissertation. This dissertation estab-
lishes the above thesis through the following steps:
• First, Chapter 2 describes the background of the research in terms of
smart city, crowdsensing and its related technologies.
• Next, Chapter 3 provides related work of this dissertation.
• Then, Chapter 4 presents the design of participatory crowdsensing for
efficient information gathering for smart cities.
• For the model a), Chapter 5 introduces the platform called Minarepo
and its evaluation.
• For the model b), Chapter 6 introduces the platform called MinaQn and
its evaluation.
• For the model c), Chapter 7 introduces the platform called Lokemon
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Fig. 1.1: Dissertation road-map.
and its evaluation.
• Then, Chapter 8 describes discussion, providing the effectiveness, limi-
tations and future work of the research.
• Finally, Chapter 9 concludes the dissertation.
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Chapter 2
Background
This chapter describes the background of this research. First, as an important
concept to this dissertation, the concept and importance of sustainable devel-
opment is introduced in Section 2.1 and 2.2. Second, the concept of smart
city is introduced in Section 2.3 where the sustainable development is carried
out in cities. Third, the concept of crowdsensing is introduced in Section 2.4
where the efficient data collection is realized in smart cities. Lastly, Section 2.5
describes the current application state of participatory crowdsensing platform
in cities, providing the problem statement of this thesis.
7
Fig. 2.1: Population of the world: estimates, 1950-2015, and medium-variant
projection with 95% prediction intervals, 2015-2100 [12].
2.1 Sustainable Development in the World
Figure 2.1 shows the change of the global population since 1950 and the
medium variant projections by the United Nations (UN) population division
until 2100. Regions in this figure are based on the ITU regions [4]. It predicts
that the global population will contentiously grow. In particular, with a cer-
tainty of 95%, the global population will stand between 8.4 to 8.7 billion in
2030, between 9.4 to 10.2 billion in 2050, and between 9.6 and 13.2 billion by
2100.
Indefinite population growth is physically impossible on a finite planet. Re-
source use, waste production and environmental degradation are accelerated
by the population growth. Against this situation, the concept of sustainable
development was advocated in 1987 [94]. The Bruntland Commission pub-
lished its report, Our Common Future [94], and provided the definition of
sustainable development as follows:
“Sustainable development is development that meets the needs of the
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Fig. 2.2: 17 Sustainable Development Goals (SDGs) [39].
present without compromising the ability of future generations to meet
their own needs.”
The concept aims to keep economic advancement and progress while pre-
serving natural resources and ecosystems, each reinforcing the other. Since
the 1980’s, various goals have been set internationally for sustainable devel-
opment [53, 37, 47]. In 2015, All United Nations Member States adopted the
2030 Agenda for Sustainable Development (SDGs) [50], which consists of 17
international development goals from 2016 to 2030 as shown in Figure 2.2.
2.2 Sustainable Development in Urban Areas
Sustainable development is especially important in urban areas. Indeed, al-
though cities occupy only 3% of the earth’s land surface area, they utilize
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Fig. 2.3: World’s urban and rural populations, 1950-2050 [128].
between 60% and 80% of the world’s energy and are responsible for 75% of
carbon emissions, according to the UN [12]. The world’s urban population
has increased dramatically in the last decades and is projected to continue
increasing in the upcoming decades (see Figure 2.3). In 2007, the urban popu-
lation exceeded the rural population. In 2014, 54% of the world’s population
was urban. By 2050, the global population will be 66% urban and 34% rural.
Among 233 countries and areas, the range of the urban areas continues to
expand (see Figure 2.4). In 1950, 24% had levels of urbanization greater than
50% and 8% were more than 75% urban. By 2014, 63% of countries were more
than half urban and one-third was more than 75% urban. By 2050 more than
80% countries in the world are projected to be at least half urban and just
under 50% will be at least 75% urban.
One of the key causes of the urban population growth is international mi-
gration between countries. As of 2017, the number of international migrants
in the world stood at nearly 258 million (3.4 % of the world’s population),
according to UN Population Division [78]. Migrants tend to head to global
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Fig. 2.4: Percentage of the population residing in urban areas, 1950, 2014 and
2050 [128].
cities. As illustrated in Figure 2.5, in global gateway cities such as Sydney,
London and New York, migrants make up nearly 40% of the population. The
proportion in Brussels and Dubai is even greater, they have the highest number
of foreign-born population at 83% and 62% respectively.
Population growth in future will put more strain on the living environment.
As a consequence of the urban population growth, there are many traffic acci-
dents, disasters, etc., happening every day. To satisfy a group of people with
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Fig. 2.5: Foreign-born population [78].
diversity of religion, race, gender, culture etc., it is important to find individ-
ual needs, events, incidents, etc., as much as possible and to promptly coped
with them. What is more, the extraordinary concentration of population leads
to degradation of physical infrastructure such as roads, built environment and
other physical assets. To make a city attractive, it is necessary to maintain
and improve city infrastructure. However, cities are changing quickly and it
can not cope with these diversified and complicated tasks in the conventional
operation method and the scale of operation. Therefore, it is needed to opti-
mize the efficiency of city operations and services while enhancing the quality
of life for people, especially for developing sustainable urban cities.
2.3 Smart City
Recently, the concept of smart city has been proposed, where information and
communication technologies (ICT) and various physical devices connected to
the network (the Internet of things or IoT) are incorporated to enhance the
quality and performance of urban services to reduce resource consumption,
wastage and overall costs [120, 108, 57, 67, 86]. With the progress of infor-
mation technologies, smart city applications and services have been developed
all over the world. According to Arthur D. Little [34], The global smart cities
market size is anticipated to increase from USD 0.95 trillion in 2014 to USD
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Fig. 2.6: Global smart city revenues in trillion USD [34].
2.1 trillion in 2020 (see Figure 2.6).
The application domains are related to, but not restricted to natural re-
sources and energy, transport and mobility, buildings, living, government,
economy and people and so on. Here are a couple of inspiring examples of
smart cities from across the globe. More examples can be found in [9].
Barcelona Barcelona, the capital and largest city of Catalonia as well as the
second most populous municipality of Spain, has deployed smart park-
ings, smart streetlights, and sensors for monitoring traffics, air quality,
noise and even waste bins. It has also deployed soil sensors under the
ground to cut down water and money (see Figure 2.7). It was awarded
the European Capital of Innovation prize (iCapital) by the European
Commission for introducing the use of new technologies in order to bring
the city to its citizens in 2014 [8].
Singapore The government of Singapore launched Smart Nation initiative in
2014 [26]. The government has made the data public related to trans-
13
Smart irrigation system
Visualizer
Fig. 2.7: Barcelona’s system [25].
portation, health, energy, etc. Many applications have been developed,
for example, to detect if people are smoking in unauthorized zones or
if people are throwing litter out of high buildings. “Virtual Singapore”
which is a dynamic 3-D modeling software that enables city planners to
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Fig. 2.8: Applications using datasets published by the City & County of San
Francisco [5].
run virtual test, has been developed too.
San Francisco San Francisco has been using technology to energy, transport,
building operation system, etc., to make them more efficient. Hundreds
of collected data related to transportation, city infrastructure, housing
& buildings and energy & environment etc., have been published since
2009 for use by developers, analysts, residents, etc [5]. The examples
of developed applications using the open data are shown in Figure 2.8.
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5D Smart San Francisco 2030 District project [24] has been developing
a 3D data visualization platform mapping building energy usage and
greenhouse gas emissions data to a dynamic, interactive 3D model of
San Francisco. The platform will serve as a collaboration tool for the
citizens, governments, companies, etc., to accelerate providing smart
city servicies.
China Having the largest (data of World Bank in 2016 [54]) and continuously
increasing urban population, China expresses an extremely strong am-
bition to rapidly enhance their technology and innovation capabilities
to smart cities promotion, so as to meet citizen needs and challenges in
the country’s urbanization. The Hangzhou city launched a so-called
“City Brain” project, which uses cameras systems and sensors across
the city to collect data on road conditions in real-time in order to help
the decision process of the city government [43]. Beijing is leading the
front on cashless payments, pioneering the use of mobile payments for
public transport and retail [43]. Xi’an is using big data analytics to
track population movements and understand the backgrounds and occu-
pations of their new citizens, so as to create public services for their new
migrants [43]. A recent news reports that in the fourth China Smart
City International Expo, held in Shenzhen 2018, four leading compa-
nies, Ping An (P), Alibaba (A), Tencent (T), and Huawei (H) agreed to
collaborate to promote the construction of smart cities in China [38].
2.3.1 Smart City Cycle
Smart city refers to the use of ICT to sense, analyze and integrate the key
information of core systems in the management and operation of cities [112].
As shown in Figure 2.9, there are mainly three phases in the cycle of developing
a smart city. In the phase of data collection, data from the urban area are
collected. Based on the data, in the phase of data analysis, useful information
are produced by data mining, modeling and so on. In the phase of data-driven
services, infrastructure management, resource allocation, innovative services
etc., are provided.
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Fig. 2.9: Smart city cycle.
2.3.2 Data Collection in Smart Cities
The data collection, (i.e., urban sensing), plays a key role in the deployment
of smart cities since it provides most of the information required to develop
effective urban services. To provide effective urban services, it is essential that
service providers (e.g., governments, enterprises) connect with each citizen. In
addition, among limited budgets, it is important to fulfill the data collection
at low cost and maximize the efficiency.
In a city, sensors are used to measure stimulus and send the measurement.
The sensors studied in this dissertation include physical sensors (e.g., tem-
perature sensors, pressure sensors, cameras) as well as human sensors, which
refer to utilizing people’s perception to collect information. With the spread
of mobile devices, opportunities to gather information from a large population
of people have become possible since they can send information through their
mobile devices.
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Fig. 2.10: Mobile penetration (Data sources: ITU(mobile-cellular subscrip-
tions) [28].
2.4 Crowdsensing
2.4.1 Ubiquity of Mobile Devices
Mobile devices such like smart phones have been playing an increasingly impor-
tant role in modern society. According to the report of International Telecom-
munication Union (ITU) [28], the percentages of mobile-cellular subscriptions
in developed countries, developing countries and the world are nearly 100% in
2017 (see Figure 2.10). The rates of mobile-cellular subscriptions have been
increasing, while the percentages of fixed-telephone subscriptions (see Figure
2.11) have been decreasing gradually. As for developing countries and LDCs,
the rates of fixed-telephone subscriptions have been essentially low.
However, the increase in the percentage of mobile-cellular subscriptions is
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Fig. 2.11: Fixed-telephone penetration (Data sources: ITU(fixed-telephone
subscriptions) [28].
impressive. From the viewpoint of telephone infrastructure, the infrastructure
in those countries have been building in the different way from developed coun-
tries, where people first get mobile phones, not changing from fixed-telephones
to mobile phones. Figure 2.12 shows the percentages of Internet users who
are mobile-only. These users use mobile devices only and/or have used only
mobile devices to get online in the last month. In those countries, 15% of Inter-
net users are mobile-only and more than a third of people in UAE, Thailand,
Malaysia and Saudi Arabia are now mobile-only. As demonstrated in Figure
2.13, the spread of the Internet have accelerated the use of mobile devices.
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Fig. 2.12: Percentages of Internet users aged 16-64 who are mobile-only [15].
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Fig. 2.13: Internet penetration (Data sources: ITU(individuals using the In-
ternet) [28].
Fig. 2.14: Percentages who say the above is their most important device for
getting online [6].
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Fig. 2.15: Percentages who say their smartphone/PC is their most important
device for getting online [6].
In those countries such as USA and UK, where the Internet has reached a
high rate and people have been utilizing multiple devices, much less people are
mobile-only. However, even in such countries, mobile phones are the primary
tools to get online, according to [6]. As shown in Figure 2.14, 66% of people
say that their smartphone is the most important device to get online, rather
than laptop, desktop PC and tablet. As shown in Figure 2.15, younger people
are increasingly likely to say that their smartphone is the most important
device to get online.
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Fig. 2.16: Average time spent per day among US mobile users [29].
Fig. 2.17: Mobile applications used most frequently [14].
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Fig. 2.18: Most popular social networks worldwide as of October 2018, ranked
by number of active users (in millions) [11].
According to eMarketer [29], average time spent per day of US mobile users
has been increasing [29], as shown in Figure 2.16. People spend nearly 4
hours using their mobile phone in a day. The Manifest [14] found that social
media applications are the most frequently used applications (39%), while
gaming applications and communication/messaging applications account for
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Question: For what purpose do you usually use smartphones? (Multiple answers allowed)
Base: 9,529 smartphone users (2013) and 16,011 smartphone users (2017)
Fig. 2.19: Survey of smartphone usage [33].
Age
Question: When do you frequently use mobile phones? (Multiple answers allowed)
Base: 1,642 mobile phone users (2017)
While watching TV/movies While using publictransportation While going outfor shopping While being witha family/friends While working While walking
Fig. 2.20: Survey of smartphone use time [3].
10%, respectively, as shown in Figure 2.17.
In social media applications, Facebook has the most monthly active users in
the world, the number of which is more than 2.23 billion by October 2018 (see
Figure 2.18). A quarter of the world’s population now are using Facebook. As
for Twitter, the number of monthly active users is 335 million, and there are
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500 million tweets sent each day [30]. As for Weibo, the number of monthly
active users is 431 million, and there are 130 million tweets sent each day [52].
The percentage of Twitter and Weibo users on mobile are 80% [30] and 90%
[52], respectively.
Mobile users seem to use those applications many times. The Manifest [14]
reports that nearly half of people open mobile applications more than 10 times
per day. Especially, 21% of millennial users report that they open mobile appli-
cations more than 50 times per day. According to Yahoo! JAPAN Marketing
Solutions [33], nearly half of people use their smartphone for just time killing
without any specific purpose (see Figure 2.19). According to a survey pub-
lished by Deloitte Tohmatsu Consulting LLC in 2017 [3], many mobile phone
users often use their mobile phone while using public transportation (see Fig-
ure 2.20). Younger people tend to use their mobile phone while being with a
family/friends, going out for shopping and walking too. The above statistics
suggest that more and more people will spend a lot time in their mobile phone
in the future, leading to a great opportunity of making them collecting data
in daily life.
2.4.2 Opportunistic Crowdensing and Participatory Crowdsensing
Taking advantage of this opportunity, crowdsensing [79, 83] has been proposed
as an appealing technique to collect information with the help of individuals
having mobile devices. Indeed, as shown in Figure 2.21, the total count of
publications related to crowdsensing has been increasing in top conferences
such as ACM and IEEE since 2007.
Depending on the type of users’ participation, crowdsensing can be classified
as follows.
Opportunistic crowdensing Users passively participate in contributing sensing
data and sensing is conducted almost automatically.
Participatory crowdsensing Users actively participate in contributing sensing
data.
In opportunistic crowdsensing, physical sensors and GPS are used to get
data, like noise level, people flow etc. without a user being aware of sensing.
Examples also include collecting information from SNS data posted by a large
group of people. On the other hand, participatory crowdsensing is conducted
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Fig. 2.21: Total count of publications related to crowdsensing, participatory
crowdsensing and participatory sensing.
by users’ active participation. Figure 2.22 shows the flow of participatory
crowdsensing. In participatory crowdsensing, there are task setters who define
an object of sensing as a task (e.g., “Is the bus stop crowded now?”). To
achieve the task, there are task executors who actively contribute sensing
data (e.g., “Yes, it is very crowded”).
Although it requires user’s explicit cooperation and takes their time and
effort, by giving adequate incentive, it becomes feasible. Physical sensors
generally obtain information on one category, such as temperature, humidity,
noise and pressure. Also, they needs to be installed and maintained at the
place where it is desired to be sensed. On the other hand, a person can acquire
various categories of information using their perception in addition to the
use of physical sensors. People can get qualitative information that physical
sensors are less likely able to obtain, such as subjective opinions and personal
emotions. In addition, people are already scattered in cities so that there is
no need to be installed and mainteined, and the geographical coverage of the
data obtained is high. Therefore, by designing and introducing participatory
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Fig. 2.22: Flow of participatory crowdsensing.
crowdsensing platform properly into our cities, various information can be
acquired from each person comprehensively at low cost.
2.5 Participatory Crowdsensing Platform in Cities
2.5.1 Definition
In this dissertation, I define the participatory crowdsensing platform as an in-
formation infrastructure for multiple people to exchange tasks with the com-
mon interface (see Figure 2.23). Through the platform, task setters define a
task, and task executors perform a corresponding task.
2.5.2 Current Status
It has been recent phenomena that city-scale crowdsensing infrastructure has
been recently set up. As mentioned in the previous sections, it is recently
that the urban problem became obvious due to the rapid population inflow
into urban areas and the deterioration of civil infrastructure. Also, mobile
devices, especially smartphones have spread over the last few years. The re-
cent progress in wireless communication services makes it possible to send
large-volume data like images and videos wirelessly to backend servers in a
reasonable cost. In particular, for cellular communication, the data band-
width has increases from 2 kbps to 200 Mbps or more from 1G to 4G-LTE
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Fig. 2.23: Definition of participatory crowdsensing platform..
and is expected to increase to beyond 1 Gbps in the upcoming 5G [44]. Be-
sides, as a complementary to cellular network, city-wide Wi-Fi spots have also
been established in a lot of cities. For example, the New York city deployed
a city-wide free Wi-Fi infrastructure called LinkNYC [46]. The local govern-
ments in Japan are also striving to increase the service areas of public Wi-Fi
infrastructure [41]. In addition, along with the hardware technology improve-
ment, the numbers and accuracy of the sensors integrated into smartphones
are continuously increasing. It is now possible to acquire various sensor data,
high resolution photos and videos. Especially the GPS got better accuracy
and better battery consumption. The smartphone penetration rate has been
growing in the last decade [51]. SNS has also become widespread recently, and
people have started posting on mobile.
Despite the fact that the environment for applying participatory crowdsens-
ing on urban scale has been in place, only a limited number of participatory
crowdsensing platforms have been practially deployed into cities yet.
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2.5.3 Problem: Difficulity in Applying Participatory Crowdsensing
Platform to Cities
The reason why the introduction has not progressed so far is that in terms
of application to cities, participatory sensing platforms are not designed and
implemented sufficiently. The main issues of participatory crowdsensing are
such as how to collect information, how to exchange data, and how to use the
collected data. To overcome the issues at the time of collection, researchers
have worked on granting incentives [115, 70] and privacy protection [90, 82]
to obtain the number of participants. At the time of exchanging data, there
are existing work related to proposal of easy-to-use data formats [132] and
security assurance [80]. At the time of utilizing the collected data, many re-
searchers have struggled to ensure the quality of data [122, 111] and to study
data visualization method [97, 124]. In participatory crowdsensing, there are
task setters who define an object of sensing as a task, and task executors who
actively contribute sensing data to achieve the task. When applying partici-
patory crowdsensing to cities, such approaches vary depending on the entity
of task setters and task executors. Besides, in introducing participatory sens-
ing platforms into cities, there are smart city promoters, namely, owners of
platform that provides functions such as task setting and execution for smart
cities. Previous researches regarding participatory crowdsensing have been
designed from each viewpoint of platform owner, task setter and executor, not
designed to be applied in cities. Therefore, in terms of applying participatory
crowdsensing to cities, the existing approaches can not solve these complicated
problems in the real world. What is more, there is no sensor streaming infras-
tructure assuming the use of participatory crowdsensing in cities. As a result,
many people have not been involved in participatory crowdsensing so far.
To activate efficient data collection in cities, it is necessary to design and
implement a participatory crowdsensing platform. To make practical use of
participatory crowdsensing, it is necessary to design a platform considering
the relationship between task setters and task executors from the viewpoint of
platform owners. In addition, implementation of real-time, flexible, and scal-
able sensor data infrastructure is necessary. Then, it is necessary to evaluate
the activation of information gathering by applying the proposed method in
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the real world.
2.6 Summary
This section described the background of this research. The summary of the
main contents in this section follows:
• Since 1980’s, various goals have been set internationally for sustain-
able development to conduct economic development without depletion
of natural resources. The concept is especially important in urban areas
since by 2050 more than 80% of countries in the world are projected to
be at least half urban.
• In order to reduce resource consumption while improving the quality of
people’s lives, the concept of smart city, where information and commu-
nication technologies (ICT) is used to efficiently manage resources and
provide better city services, has been introduced.
• In the smart city cycle, there are data collection, data analysis and
providing data-driven services. In the phase of data collection, it is
important to efficiently collect a lot of spatio-temporal information at
low cost among limited budgets.
• With the wide spread of mobile devices and improvement of related
technologies, mobile crowdsensing has been an appealing technique to
collect various information from people at low cost.
• The application of participatory crowdsensing platform to cities has not
progressed so far since existing approaches have not considered the re-
lationship between task setters and task executors from the viewpoint
of platform owners. What is more, there is no sensor streaming infras-
tructure assuming the use of participatory crowdsensing in cities. To
enable efficient data collection for smart cities, it is necessary to design
and implement participatory crowdsensing platform.
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Chapter 3
Related Work
This chapter introduces related work. At first, an overview
of related work in terms of usefulness of systematic design
toward utilizing participatory crowdsensing in cities is pro-
vided. At second, related research designed according to the
roles of platform owners, task setters and task executors is
reviewed and the novelty of this research is clarified.
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3.1 Utilization of Participatory Crowdsensing toward
Smart City Promotion
A city is an area where a large number of people live [21, 27] and has responsi-
bility for improving the quality of life of their citizens. Citizens have the right
to enjoy basic resources such as safe water, air and food, while ensuring eco-
nomic, social and environmental sustainability [2]. Now the city population
has been growing over the past several decades and will continuously increase
in the future [128]. The growth of urban population has been increasing the
need for better urban services, therefore the concept of smart city, where ICT
are used to solve urban problems, has been proposed and deployed. While
there is no unified definition of a smart city, many researchers have made
various definitions so far [76, 69, 108, 109, 89]. For instance, a smart city
is “a city that monitors and integrates conditions of all of its critical infras-
tructures, including roads, bridges, tunnels, rails, subways, airports, seaports,
communications, water, power, even major buildings, can better optimize its
resources, plan its preventive maintenance activities, and monitor security as-
pects while maximizing services to its citizens” [85] and “a city to be smart
when investments in human and social capital and traditional (transport) and
modern (ICT) communication infrastructure fuel sustainable economic growth
and a high quality of life, with a wise management of natural resources, through
participatory governance” [64]. Toward successful development of smart cities,
one important factor is to get sufficient urban data allowing to better under-
stand cities and enable effective operations [120, 93, 100]. Within a limited
budget, it is important to conduct urban data collection efficiently. Participa-
tory crowdsensing, which is a novel sensing technology where people having
mobile devices collectively share information, is effective way to for efficient
urban data collection [63, 99, 95, 65, 123]. In participatory crowdsensing, it
is important to design a participatory crowdsensing platform according to the
purpose of collecting information, such as what data to collect, who collect
data and so on [121, 62, 98]. In particular, in order for participatory crowd-
sensing to be effectively used for smart cities, it is important that the design
of the platform is systematized from the viewpoint of application to smart
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Fig. 3.1: From physically isolated platforms to virtual platforms [104].
cities so that those who wish to introduce a participatory crowdsensing (i.e.,
platform owners) can design an appropriate platform and introduce it into
cities.
3.2 Design of Participatory Crowdsensing according to
the Roles of Each Position
In this section, I introduce related research focusing on demand from the
viewpoints of platform owners, task setters and task executors to make par-
ticipatory crowdsensing successful.
3.2.1 Approaches from the Viewpoint of Platform Owners
From the viewpoint of platform owners, a lot of research have been conducted
on the development of sensing platforms to facilitate the data utilization and
application development. The authors of SOXFire [132] and CityHub [101]
studied sharable and extensible platforms, which aim at enabling secure city-
scale data sharing and streaming for smart cities. Their platforms support the
so-called social big sensor data including not only participatory crowdsensing
data but also data coming from IoT, SNS and Web platform, all of which are
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Fig. 3.2: The six applications developed within the LIVE Singapore! frame-
work [97].
accessible in a unified event-driven API to facilitate application development
of the data. Besides, there are also researches focusing on programing tools to
facilitate analysis and application development of collected data. For example,
the authors of [104] proposed a framework that integrates isolated platforms
into a unified one. Its main purpose is to enable IoT solution providers to
efficiently deliver and continuously extend their services (see Figure 3.1). The
Node-RED is a flow-based programing tool that provides a browser-based edi-
tor to facilitate the processing of sensory data and deployment of applications
[49]. What is more, to help platform owners grasp the condition of city, var-
ious city dash-boards [126, 97, 124, 3] are also developed to provide various
perspectives viewpoints to a city (see Figure 3.2).
3.2.2 Approaches from the Viewpoint of Task Setters
From the viewpoint of task setters, firstly, many researchers have been working
on enhancing the task definition and distribution. Regarding task definition,
there are researches proposing novel tools or systems for task setting and
facilitation of providing tasks to conduct participatory crowdsensing [19, 96,
113, 55, 130, 87, 71]. For example, the Mobile Campaign Designer proposed
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Fig. 3.3: Task set flow: definition of (a) basic information, (b), sensors, (c)
participants, (d) profile matching for recruiting participants (optional) [87].
in [87] provides an easy-to-use graphical user interface that allows users to set
tasks, as shown in Figure 3.3. Sensr [96] is another example of such kinds
of tools, which aims at enabling people without programming skills to create
mobile data collection for citizen science with a web interface. Regarding
task distribution, while there are many works that focus on specific platforms
for sensing task distribution [23, 55], researches have also explored existing
social media network applications (e.g., Twitter, Weibo and Facebook) to
facilitate the distributed participation of people [72, 105, 106]. For example,
the authors of [105] proposed a participatory crowdsensing application called
MoboQ which is deployed in the Sina Weibo, a microblogging service in China
[52]. MoboQ allows users to ask questions for a specific location, and the
MoboQ will then identify candidates who are likely to currently be at the
place via the search engine provided by the Sina Weibo as shown in Figure
3.4. The utilization of social media network services (SNSs) not only avoids
the installation of clients of participatory sensing, but also achieves a large
population of potential participants. Besides, such SNSs typically provide
convenient APIs, reducing the development complication and cost greatly.
Secondly, many related studies have involved in utilization of obtained data
for response, in terms of data quantity and data quality. From the viewpoint
of data quantity, it is important to collect sufficient amount of data to generate
required information. To this end, we can apply the approaches proposed to
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Fig. 3.4: The life of a query in MoboQ [105].
utilize the relationship between notification time, user’s location, and the
likelihood and quality of users’ responses. For example, the work of [110]
studied to detect effective breakpoints of user’s mobile interactions to deliver
notifications adaptively so as to increase the possibility of their response. A
similar approach was studied in [58] for crowdsourcing task assignment within
an enterprise organization. Besides, the approaches proposed to increase the
motivation of executors [115, 68] and to increase response likelihood using
geometric or social connections [91, 105, 59] are also applicable here.
From the viewpoint of data quality, it is needed to make data easy-to-use as
well as reduce the noise of unwanted/inappropriate contents in the collected
data. Regarding data format, it is necessary that data exchanged on a sensing
platform should be in an available format, since it is difficult to utilize the
data as long as it is not. There are various studies that made it possible to
handle various sensor data in an easy-to-use format, such as those using XMPP
[132, 101, 31], MQTT [48], CoAP [40]. In this dissertation the XMPP-based
solution of SOX was selected for the its extensibility, scalability, security and
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development convenience, as referred in the previous section.
Regarding data truthfulness, since the sensing tasks are outsourced, there
is a possibility that some participants submit fake data either purposely or
not. The approaches proposed for detect fake contents in social media can
be applied here to check the truthfulness of collected data. For example,
the work of [122] surveyed the detection of fake news on social media from a
data mining perspective. Besides text-based contents, a study on fake image
detection during a natural disaster on Twitters was conducted in [84].
Regarding libel and slander, the users may also abuse the participatory
sensing system to submit inappropriate contents. Recent studies have demon-
strated that machine learning-based approaches can be effective in detect-
ing those contents. For example, the authors of [111] studied an SVM-based
method to detect the inappropriate contents from young school students. A
deep-learning based approach was proposed in [131] to detect online inappro-
priate contents.
3.2.3 Approaches from the Viewpoint of Task Executors
From the viewpoint of task executors, participating motivation and risk of
privacy leakage are their main concerns. In many studies of participatory
crowdsensing, incentives are a fundamental challenge. Task executors offer
their time, attention, labor and mobile device’s battery power to collect data
that may not be useful to themselves, so that giving adequate incentives is
necessary to motivate people to participate in executing sensing tasks. Exist-
ing studies on incentive can be mainly divided into monetary incentives and
non-monetary incentives. The effect of monetary incentives has been inves-
tigated in [115, 70, 91, 103, 102], where auction-based mechanisms are the
main branch. For example, in the work of [103, 102], the authors proposed a
so-called Reverse Auction based Dynamic Price (RADP) incentive mechanism
where participants can sell their sensing data to a service provider. Consider-
ing budget and coverage constraints, the work of [91] proposed a greedy algo-
rithm based auction incentive mechanism that selects users according to their
location given a budget. For non-monetary incentives, researchers mainly fo-
cus on psychological factors. For example, the effect of gamification has been
conducted in [74, 68, 127]. In particular, the work of [68] introduced game
elements into a participating crowdsensing system among local communities.
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After a user makes a report, other users can then vote for or against the impor-
tance of the report gaining the user points and generating more visibility for
the issue. Integrating monetary rewards and gamification, the research of [127]
proposed a hybrid incentive mechanism in order to reduce the total amount
of paid rewards. In addition, the work of [60, 107] studied to use compliance-
without-pressure technology to improve the receptive-ness of participants. For
example, the authors of [60] proposed to apply social relationships to help in-
crease participating motivation. In particular, they evaluated their proposal in
Facebook by posting visual questions from blind people to their friends assum-
ing that the friends will provide help since they know them. Another issue in
participatory crowdsensing from the viewpoint of task executors is to respect
the privacy of them such as their locations, identities and so on. In this direc-
tion, there is a lot of work on privacy-preserving participatory crowdsensing by
using various anonymization-based techniques [90, 119] or obfuscation-based
techniques [82, 56, 75]. In the work of [90], the authors proposed a so-called
Hot-Potato-Privacy-Protection Algorithm in which data is sent to one of the
friends of a user and the friend will choose another friend to deliver the data
to the next hop. This hopping process repeats until a pre-defined threshold
is reached. Another interesting example is the information-limited location
sharing approach proposed in [75]. In particular, the authors considered a
scenario where the location of a user is shared by several servers of different
service providers. The proposed method distributes the position information
of strictly limited accuracy to the servers so that even one server is compro-
mised, only information of limited accuracy will be leaked.
Despite of the aforementioned researches from the viewpoint of each respective
role, to the best of our knowledge, rare research has studied the systemati-
cal design of participatory crowdsensing from the aspects of applying it to
cities considering the relationship among platform owners, task setters and
executors.
3.3 Summary
This section overviewed the literature related to this dissertation. At first,
usefulness of design of participatory crowdsensing toward smart city promotion
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was described. In particular, in order for participatory crowdsensing to be
widely used for smart cities, it is important that the design of the platform is
systematized from the viewpoint of application to smart cities.
Then, in terms of design of participatory crowdsensing according to the
roles of platform owners, task setters and executors, related work based on
each viewpoint was provided. To the best of our knowledge, no other research
provides the design of participatory crowdsensing from the aspects of applying
it to cities considering the relationship among platform owners, task setters
and executors, and its implementation and evaluation are first provided in this
dissertation.
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Chapter 4
Design
This chapter designs a participatory crowdsensing platform
to realize efficient information gathering for smart cities.
First, a participatory crowdsensing platform for smart cities
is proposed in Section 4.1. The platform consists of a
common part and an individual part. For each part, the
platform requirements are described. The common part,
which is a sensor streaming infrastructure for participatory
crowdsensing, is introduced in Section 4.2. The individual
part, which is to collect and utilize data, is described in
Section 4.3.
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Fig. 4.1: Overview of participatory crowdsensing platform.
4.1 Participatory Crowdsensing Platform
The participatory crowdsensing platform proposed in this research consists
of two parts, a common part and an individual part (see Figure 4.1). Using
common data format and API makes exchanging sensor data between other
platforms easier. Also, the function of distributing and storing data should
be common among other platforms. Therefore, a sensor data streaming in-
frastructure for realizing data distribution and preservation is designed as a
common part. On the other hand, when applying participatory crowdsensing
in cities, it is assumed that data is collected and utilized from various people
in the city. Depending on the entity of task setters and task executors, the
requirements and approaches vary. In addition, visualization and sharing of
real time/historical data motivates participation of task executors and effec-
tive use of data. Therefore, a method of data collection and utilization is
designed individually.
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4.2 Common Part: Sensor Data Streaming
Infrastructure
4.2.1 Requirement
A sensor data streaming infrastructure that has been widely adopted in con-
ventional participatory sensing platforms is a client-server model (e.g., REST).
In this model, a client can not send a message when the process is not running
on the server, and the server can not receive a message when the client is
not running. Therefore, the infrastructure is not scalable and it is impossible
to correspond to dynamic network configuration. The infrastructure consists
of an architecture which does not take participatory sensing data as sensor
data but regards as posting to a traditional web bulletin board. Participa-
tory crowdsensing platforms for smart cities require a sensor data streaming
infrastructure based on the publish-subscribe (pub/sub) model that includes
task definitions. In this model, publishers are loosely coupled to subscribers,
so that it is highly scalable and can cope with dynamic network configura-
tion. In building a participatory crowdsensing platform applicable to cities,
real time/past data exchange and creating interface according to data format
are important. In order to cope with cases where only the latest data is nec-
essary and when necessary together with past data, it is necessary to design
with integrated pub/sub API, database and API for past data access. What
is more, pub/sub is suitable for distribution of sensor data and is a standard
model in the sensor network, that means participatory sensing data can be
regarded as sensor data.
In addition to the scalability and dynamic utilization of sensor data, in
applying parcitipatory crowdsensing to cities, the extensibility, security and
development convenience of the platform are also required. To fulfill the re-
quirements, Sensor over XMPP (SOX) [132] was extended and implemented
in this research. SOX is a sensor data streaming platform that is developed
based on the publish/subscribe function of XMPP (eXtensible Messaging and
Presence Protocol) [31]. “The goal of SOXFire (i.e., the name of the pub/sub
server of SOX) is to provide practical distributed and federated infrastructure
for IoT sensor data sharing among various users/organizations in a way that
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is scalable, extensible, easy to use and secure with preserving privacy”[132].
While there also exists other alternatives such like MQTT (Message Queu-
ing Telemetry Transport) [48] and CoAP (Constrained Application Protocol)
[40], we selected the XMPP-based solution of SOX for the its superiority in
extensibility, scalability, security and development convenience.
Extensibility
XMPP is a messaging protocol initially designed for messages exchange be-
tween applications. It is based on Extensible Markup Language (XML) so that
it can provide data extensibility for developers to define their own scheme by
themselves. It is notable that the data formation in participatory crowdsens-
ing can be extremely versatile, from binary reading of in-built physical sensors
to photos and videos. The XMPP is well compatible with this multimodality
requirement of sensor data. However, the MQTT and CoAP are designed for
resource-constraint devices and running over TCP/UDP, so that the develop-
ers have to define their own data format, resulting in extra complications in
development and operation.
Scalability
The scalability of XMPP is another important reason we select it in our imple-
mentation. Because our final target is to apply participatory crowdsensing to
cities, so the scalability up to a city-wide scenario is of great importance. It is
also likely that the platform is required to running across multiple communities
of city(ies) to share their resources and data for better service. After the long-
term development of the last decades, XMPP provides matured mechanisms
of clustering and federation [31]. These mechanisms will provide great help
to implement the platform in a distributed way for establishing a flourishing
ecosystem across wide and various urban regions. On the other, the MQTT
and CoAP are not yet able to provide the equivalent mechanisms, making
them lack of sufficient scalability to city-wide implementation.
Security
The most important feature making XMPP the best among other alternative
in my opinion is its security. In the smart city scenarios, the security of an
extremely high priority. This is because not only highly sensitive data will
be streamed, but also the concern of security will place great effect on par-
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Fig. 4.2: Publish-subscribe model in Sensor-Over-Xmpp.
ticipants’ motivation. The encryption at transportation layers are not yet
included in the specification of MQTT and CoAP, so that the data are trans-
mitted in open text if the no upper layer encryption is implemented. XMPP
specification have already included TLS mechanism, providing a reliable en-
cryption mechanism to ensure the confidentiality and data integrity. New ad-
ditions in terms of authentication, privacy and access control have also been
introduced into the specifications and implemented in popular distributions.
Development Convenience
Since the SOX platform is development in our lab, we are familiar with its
develop tools. APIs in Java, Objective C, Python and JavaScript are available
[45], making it possible to develop related programs in the typical mobile
platforms. This development convenience also plays an important role in our
selection of the underlying sensor data streaming infrastructure.
4.2.2 Extending SOX for Participatory Crowdsensing
In order to apply SOX to participatory crowdsensing, the following extension
is required. The SOX maintains a list of virtual sensor nodes, each virtual node
corresponds to a physical/logical sensor. Each virtual sensor node has a pair
of meta sub-node and a data sub-node, where the meta one stores the basic
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Fig. 4.3: Task setters, task executors and platform owners involved in partic-
ipatory crowdsensingin cities.
information of the sensor data like unit and range, and the data one streams
the sensor data from publisher to subscriber(s) (see Figure 4.2). In my imple-
mentation, participatory sensing-related data formats such as free form text,
free form number, single choice (radio button) and multiple choice(checkbox)
were added into meta node(s). With the extension, a required interface can be
generated for each participant automatically when a user starts to participate
in sensing tasks. The details of the extension can be found in the appendix.
4.3 Individual part: data collection and utilization
4.3.1 Constitutive Relationship in Participatory Crowdsensing
As illustrated in Figure 4.3, when applying a participatory sensing platform
into cities, there are a platform owner who is the main promoter of smart
city, task setters who define a sensing task which is an object of sensing when
conducting participatory sensing, and task executors who contribute sensing
data to achieve the task. The common point in the roles of platform owner and
task setter is to make use of such actions as taking countermeasures based on
information gathered from task executors. On the other hand, platform owner
uses the collected information as an organization as a whole (e.g., to carry
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Fig. 4.4: Model a), b) and c).
out policies, measures and urban services in the case of local governments),
whereas task setter refers to a person who actually defines a task (question)
including information to be sensed and uses the information acquired for each
task. From the viewpoint of application of participatory crowdsensing to cities,
it is important to organize requirements from the viewpoint of platform owner
at the time of platform design.
Platform owners are in a position to promote the efficiency and utilization
of data by introducing and maintaining a platform for realizing a smart city.
Task setters are in a position to set tasks to gather information and utilize
the obtained data. Task executors are in a position to contribute information
by going to the corresponding place of a set task and inputting information
on an application. Platform requirements differ according to the status of
platform owners, task setters and task executors. Besides, the requirements
differ according to the relationship among the owners, setters and executors.
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Fig. 4.5: Two different types of model c).
For example, a way of giving incentives to task executors vary depending
on whether or not the three characters are in the same organization. When
collecting information, it is necessary for task executors to make a certain effort
to actually visit the place and enter information. It requires their work and
time for achieving sensing tasks so that it is needed not to impose unacceptable
burden on them. When the three characters belong to the same organization,
task executors engage in their reporting work as a task therefore it is easy
for them to recognize and execute sensing. On the other hand, when the
three characters belong to different organizations from each other, it generally
becomes harder to have task executors recognize and execute sensing, therefore
it would be necessary to give some incentives to motive them (ex., giving a
financial reward).
From the perspective of platform owners, organization relationship among
the three characters can be mainly divided into three cases as shown in Fig-
ure 6.2. The dashed boxes shown in the figure represent organizations with
the goal of promoting smart cities, such as an administrative authority and
enterprise. Model a) represents the case where platform owners, task setters
and task executors belong to the same organization, model b) represents the
case where platform owners and task setters belong to the same organization
but task executors do not, and model c) represents the case where platform
owners belong to a different organization from task setters and task executors.
As for model c), task setters and task executors can belong to either a different
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organization or the same organization (see Figure 4.5).
It is conceivable that there could be model d) where platform owners and
task executors belong to the same organization but task setters do not (see
Figure 4.6). However, participatory crowdsensing of this model rarely exists
in realistic cities because of the following reasons. In the case of model d),
task setters belong to a different organization from platform owners and task
executors. In such a case, unlike model a), it is not necessarily said that only
tasks that can be handled within the organization would be set. For such
tasks, it is difficult to deal with all the tasks with only a limited number of
task executors in an organization, unlike models b) and c). Actually, it is nec-
essary to filter the set tasks and to take the form of conventional information
gathering or re-set tasks within the organization (i.e., applying model a)) for
tasks that are judged to be necessary. That is, it would be not realistic to
apply a platform that embodies model d) in real society. Therefore, in this
dissertation, platform requirements of model a), b) and c) are considered.
4.3.2 Requirement
When introducing participatory crowdsensing to cities, it is assumed that an
unspecified number of people use the platform. Therefore, in this research, I di-
vide into requirements to be considered as a general service and requirements
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to be considered in applying participatory crowdsensing to cities. Require-
ments to be considered as a general service include low device introduction
cost, low operation cost and easy operation. These requirements are common
to all models.
Low device introduction cost The organization of the setters and executors
will wish to reduce the deployment cost of the required devices of par-
ticipatory sensing.
Low operation cost During the operation time, the requirement should be to
control the maintenance cost of the system in order to reduce the overall
operation cost.
Easy operation The task setting/reporting need to be easy to understand and
operate. The realization of easy operation leads to ease of operation at
the time of introduction and quick reporting at the time of operation.
It is of primary importance to execute sensing task as soon as possible,
so that it is expected that the operation for task execution is not time-
consuming.
Regarding requirements to be considered in applying participatory crowd-
sensing to cities, there are common requirements in all models and those com-
mon to models b) and c). The requirements common to all models are task
setting/management, task report, affinity/compatibility for living and work
and data availability (data quantity and quality).
Task setting/management In operation time, it is required to provide man-
agement tools to task setters to define, distribute, modify and delete
tasks.
Task report It is necessary to provide task executors with functions that can
browse and achieve tasks.
Affinity/compatibility for living and work Regarding the models a) and b), it is
assumed that the task setters/executors and platform owners are in the
same organization and the setting operation of sensing task is part of
their business. Therefore, it is expected that the new platform should be
compatible with the existing business procedures. For example, when
the task setting is to replace some existing business procedure, it is
expected the business transition to the new platform to be smooth.
Regarding the model c), task setters and executors belong to an organi-
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zation different from platform owners. In order to involve people outside
the organization, it is necessary to introduce participatory crowdsensing
in a way that is as easy as possible for their lives.
Data availability It is necessary that obtained data can be utilized for re-
sponse. It includes high data quantity (i.e., sufficient amount of data)
and data quality such as the presence of defamation/libel, trustfulness,
and data contents that can be used for correspondence.
The common requirements for Model b) and c) are low installation cost,
sufficient collection of task setters/executors and reduction of concern about
privacy leakage such as location information and names.
Low installation cost Regarding the models b) and c), it is assumed that task
setters/executors and platform owners belong to different organizations,
so that it is necessary for the first step to popularize participatory crowd-
sensing. For successfully applying participatory crowdsensing to cities,
it is important to involve as many people as possible in sensing. There-
fore, it is important to have them install sensing applications. It is
also necessary to remove the psychological barriers to their application
installation.
Sufficient collection of task setters/executors Regarding the models b) and c),
it is assumed that task executors and platform owners belong to differ-
ent organizations, so that incentives to motivate people to participate
should be provided. In addition, for the model c), it may be required
to provide sufficient incentives to task setters to motivate them to set
tasks.
Reduction of concern about privacy leakage Since sensing data is linked with
spatio-temporal information, privacy information such as names and lo-
cation information may be leaked at task setting/execution. Especially
for the model c), it is assumed that both the task setters and execu-
tors belong to organizations different from the platform owner and that
information will be shared between the task setters and executors, so
that it is expected that the risk of executors’ privacy leakage should
be reduced as much as possible.
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4.4 Summary
This section designed participatory crowdsensing platform to introduce it into
cities. The platform consists of a common part and an individual part. As
the common part of the platform, the sensor data streaming infrastructure
for participatory crowdsensing was introduced to send the data to server(s)
for further processing for the corresponding application or service. As the
individual part of the platform for data collection and utilization, from the
perspective of platform owners, three models were shown based on the or-
ganization relationship among them: in the cases of a)platform owners, task
setters and task executors belong to the same organization, b)platform owners
and task setters belong to the same organization but task executors do not,
and c)platform owners belong to a different organization from task setters and
task executors. For each model, the platform requirements were provided.
The next chapter describes the research realizing the model a), called
Minarepo. After that, Chapter 6 describes the research realizing the model
b), called MinaQn. Then, Chapter 7 describes the research realizing the
model c), called Lokemon.
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Chapter 5
Minarepo
This chapter describes Minarepo, which embodies the model
a) where the platform owners, task setters and task executors
belong to the same organization (see Figure 5.1). Minarepo
was designed and implemented to fit the work routinely per-
formed by city wokers of the garbage section of Fujisawa City
and has been in operation for over 2 years since Oct. 2016.
This chapter details the design, implementation, and evalua-
tion of Minarepo.
set
execute
Task setter
Task executor
}
Platform owner
(Smart city promoter)
Fig. 5.1: Model a).
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Task setters(city workers)
Task executors(city workers)
set
execute
Platform owner
(city hall)
City conditions/events
}
Fig. 5.2: Minarepo overview based on the model a).
5.1 Garbage Collection in Fujisawa City
In order to validate the model a), a local government in Japan was selected
as an organization. Figure 5.2 shows the overview of Minarepo. In this case,
Fujisawa City hall is the platform owner and the workers of Fujisawa City are
the task setters and executors. Municipalities take responsibility on various
city problems such as road management, waste management, park manage-
ment, social welfare and so on. For effective and efficient city management,
city officers have to find and collect various urban information from the entire
city and deal with problems when necessary (see Figure 5.3).
Although a large amount of various information is exchanged among city
workers every day, in most of cities (at least in Japan), the urban information
is still collected, shared and managed among city workers in an analog and
legacy way - telephone, facsimile or paper documents. Figure 5.4 shows an
example of the response flow when a city worker finds “forgotten to collect”
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Information accumulation / analysis / sharing
Information gathering Response
Responsereport
Report by citizens / city workers
On-site instruction
City conditions
City events
Fig. 5.3: Main flow of administrative work.
garbage in Fujisawa City.
When a city worker discovers such uncollected garbage, he first reports the
location and condition to a city hall. Then, a staff in the city hall opens
a map book and confirms the location. In the case of uncollected garbage,
the staff requests a resource cooperative company to collect the garbage by
phone or fax. Upon request, a staff in the cooperative opens a map book
and confirms the location. Response status is managed and shared on a white
board with a response list and map including the date, location information,
category of the garbage and so on. After identifying a garbage collection
company that is responsible for the garbage collection of the place where the
uncollected garbage is located, the staff makes a request to the person in charge
in the company to respond. The person who received the request stops the
truck, opens a map and confirms the location. In this way, the aforementioned
way of information gathering and correspondence in Fujisawa city took much
time and effort of its workers. The approach may also lead to the loss of
information to be collected as a result. Moreover, as the accumulation of
collected information was not made into digital data, utilization of the data
such as analysis is difficult.
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①Report ③Request by phone or fax
City hall ②Open a map and conﬁrm the location
⑤Request the company responsible
 for collecting the garbage
A company
⑦Respond ⑧Response report
④Open a map and conﬁrm the location
Manage the correspondence situation on a white board
⑥Stop a car, open a map, 
and conﬁrm the location
City worker Forgotten garbage 
to be collected Public coorporation cooperative 
Response list
Map
Fig. 5.4: Example of the response flow when a city worker finds uncollected
garbage in Fujisawa City.
By digitalizing city management with participatory crowdsensing technique,
it is expected that highly comprehensive spatial-temporal data can be collected
efficiently, and it will be useful for improving the understanding of the whole
city.
5.2 Platform Design
The necessity of the platform functions is obtained through continuous discus-
sion among city workers and us for naturally fitting Minarepo to the existing
and on-going daily works in the city. Highly comprehensive spatial-temporal
data can be obtained by appropriately applying a participatory crowdsensing
system to the existing business flow. It is necessary to avoid disturbing exist-
ing work or increasing work volume when introducing this system. Also, it is
undesirable to stop daily administrative work. What is more, not all the city
workers necessarily use a system from the beginning, therefore at the begin-
ning of system introduction, it is assumed that the work in the conventional
method (i.e., using paper, telephone and fax) is also performed in parallel.
Thus, it is important to develop a system with understanding of existing work
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Fig. 5.5: Development meeting with city workers and stakeholders.
and clarify problems through actual trials. Depending on the type of adminis-
trative work, it is not completed only by city officers, but in collaboration with
related stakeholders (ex., outsourcing companies). Therefore, differences in in-
formation exchange between a city hall and outsourcing company and handling
method of collected information should be taken into consideration. In this
research, we adopted the agile methodology [125, 129], where requirements
are normally defined around each iteration and development and testing hap-
pen concurrently, instead of the waterfall methodology, where requirements
are defined near the start of a project and development and testing follow in
the sequential order (Figure 5.5 shows a photo of development meeting with
city workers and stakeholders). Through everyday communication between
developers and users, over 40 improvement items have been pointed out by
administrative staff and stakeholders (see Figure 5.6).
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Improvment Request of 
Minarepo
Description
Request
Response status
New Report
Address
Location 
Pin
Select Map
Satellite 
Maps
Fig. 5.6: Example of system improvement requests.
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A city worker ﬁlls in Minarepo and 
reports its state on the spot
City hall
Public coorporation Cooperative B Company
②A city worker ﬁlls in Minarepo
④Browse 
City workerCitizen
OR
①Report
Visualize
Accumulate
③Report
⑥Responsereport
Forgotten garbage 
to be collected City hallA Company
Minarepo viewer
⑤Though A company is in charge of collecting the garbage, B company running nearby the garbage goes collecting.
Fig. 5.7: Overview of MinaRepo.
Fig 5.7 shows the overview of Minarepo. For example, if a city worker finds
forgotten garbage to be collected, the worker fills in Minarepo and reports its
state on the spot. Urban information to be reported and shared among city
workers can be also obtained from a citizen’s requests and reports. Therefore,
if a citizen makes a report to a city hall, a city worker at the hall fills in
Minarepo.
Since the sensing task in Minarepo is carried out as part of the work, there
is no need to perform cognitive activities to promote application installation
or collect task setters/executors. As a result, it is expected to enable gathering
a certain amount of data and guarantees the reliability of data and absence
of slander. In addition, city workers transfer departments every few years and
engage in several different tasks, so that they usually have knowledge of the
city with a certain level of expertise and versatility. These expertise and versa-
tility of city workers realize high quantity and high quality sensing, collecting
not only information related to the work they are currently involved in but
also information related to the other tasks. This will also enable exchang-
ing/sharing information from a wide variety of devices such as smartphones
owned by a city worker on the spot and computers within a city hall. Data is
accumulated in the database and can be viewed among related parties through
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GPS
Server-side
Answer Sender
Text Input
Question Sender
Answer Sender
Database
( User List, Q&A logs)
Client-side
User Manager
User Registrator
SOX 
Location Detector
Text/Photo Input
Task executor Task setter
Question View/
Answer Input Interface
Answer RecieverQuestion Reciever
Question Sender
Question Input/
Answer View Interface
Fig. 5.8: Platform architecture of Minarepo.
the web interface. By sharing information among different stakeholders of the
same organization, efficiency of response can be expected. For example, even
though A company is in charge of collecting the forgotten garbage, if a staff in
B company is running nearby the garbage, then the staff can go to response it.
Response reports can be also published and shared through Minarepo platform
in real time.
5.3 Implementation
Figure 5.8 shows the platform architecture of Minarepo. For task setters, a
web application was implemented for browsing reports and sharing informa-
tion related to response. For task executors, iOS/android applications were
implemented for quickly reporting information on the spot during their work.
As for the web application, there is no need to install any special application.
For the iOS/android applications, installation is necessary on each machine.
This time we wanted to allow only the city workers to install the iOS/An-
droid applications, therefore the applications were not open to the public.
The iOS application was distributed through DeployGate [42] to make it easy
to share the application within authorized members. The Android application
was made it possible to install by accessing a specific URL. With regard to
installation cost of equipment, we initially lent smartphones since Fujisawa
City owned a small number of them. After that, the organization prepared
smartphones and the number of devices gradually increased. Some workers
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Filter list
Post list
Discussion area
Fig. 5.9: Minarepo web viewer.
used their own smartphones on their own judgment.
Figure 5.9 shows a Minarepo web viewer. On this screen, posted reports
are listed with location information, photos, comments and so on. You can
filter by time period and report type. Reports can be filtered by time period
and report type. Also, since there was a request to utilize obtained data for
response, a discussion area is available and related information can be shared
on the web viewer. In order to make it easier for task setters to become familiar
with the operations, the web viewer was made with a simple UI.
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Register Select a section Select a report category
Check a photoFill in, conﬁrm and submit Take a photo or select a picture
After a report is completed, the screen returns to the photography screen
(Start)
(Submit)
Fig. 5.10: Screenshot of iOS application of Minarepo.
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Figure 5.10 shows the screens of the report application. First of all, a
task executor registers his/her real name. Then, he/she selects the section to
which he/she belongs. When he/she finds urban information to be reported,
he/she selects the type of report (e.g., illegal garbage, graffiti, damaged mirror
etc.). After that, he/she can take a picture or select a photo from the album
and check it. Then, he/she enters a correspondence level, comment, location
information acquired by GPS sensor and submit them. After the submission
is completed, the screen returns to the photography screen. In order to make
it easier for task executors to become familiar with the operations, the report
application was made with a simple UI.
As the viewpoint of crowdsensing tool, Minarepo itself looks like standard
implementation. However, we also provide several functions to support civil
officers’ daily work such as report notification according to emergency level,
visualizing region of self-governing association as layer to map, and discussion
forum to record action history to the reported problem (see Figure 5.11). The
necessity of these functions is obtained through continuous discussion among
us and civil officers for naturally fitting Minarepo to existing and on-going
daily works in the city.
5.4 Practical Use of Minarepo and Evaluation
To confirm the effectiveness of Minarepo, we conducted long-term experiment
with garbage section in Fujisawa city, Japan. In the garbage section, civil
officers have to manage garbage-related information such as illegal dumping,
uncollectible garbage against the rule, forgotten garbage to be collected, etc.
In addition, they also collect various urban problems such as graffiti, animal
carcasses, road damage etc. The report type list is shown below.
• Illegal dumping
• Uncollectible garbage against the rule
• Forgotten garbage to be collected
• Status of garbage stations (e.g., damage of a garbage station by a crow,
places of garbage stations, garbage to be taken out on a different day)
• Graffiti
• Animal carcasses
• Road damage
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Fig. 5.11: Other functions of Minarepo web viewer.
• Street lights
• Hot places
• Disaster
• Others
The experiment has been conducted since October 6, 2016. As of December
2018, over 100 civil officers who is in charge of garbage-related works are using
Minarepo application in their daily work. The number of devices used for the
operation was initially 20 and have increased to 66. It does not include the
number of private devices.
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Fig. 5.12: Total report count per month.
5.4.1 Statistical Results
From October 6, 2016 until November 30, 2018, the total number of reports
was 5354. Figure 5.12 shows the report count per month. On average, 206
reports were obtained. The month in which the report was posted most is
May 2017 and the number is 438 as marked in red in the figure 5.12). The
reason for this is that city workers’ efforts to report graffiti, illegal dumping
and littering (called Smart Check) was carried out in that month, and many
graffiti reports were obtained (see Figure 5.13 for referring the report count of
graffiti per month).
Figure 5.14 shows the report count per report type. Since the experiment
was conducted with the garbage section in Fujisawa City, there were many
reports on garbage such as uncollectible garbage against the rule, forgotten
garbage and status of garbage stations. There were many reports on graffiti
too.
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Table 5.1: Comparison of Minarepo and Chibarepo dataset
Minarepo Chibarepo [1]
Platform owner Local government Local government
Task setter City workers City workers
Task executor City workers Citizens
Target area Fujisawa City (69.57km2) Chiba City (271.8km2)
Report type Garbage, graffiti, etc. Road, park, garbage, etc.
Period
Oct. 6, 2016 -
Mar. 20, 2018
Aug. 28, 2014 -
Feb. 27, 2016
Num. of task executors 65 3615
Num. of reports 3667 1873
Num. of reports
per task executor
56.41 0.51
To understand a feature of collected data from Minarepo, I examined
whether there is a feature when task executors are in the same organization
as the platform owner and sensing is carried out as a business. In order to
clarify the features, I compare the data of Minarepo with that of Chibarepo
[1], which is a crowdsensing service for allowing citizens to report various city
problems in Chiba City, Japan. Table 5.1 shows the comparison of Minarepo
and Chibarepo dataset. Platform owners and task setters of Minarepo and
Chibarepo are the same, the platform owners are local government and task
setters are city workers. On the other hand, concerning the task executors, in
Minarepo, city workers correspond to the task executors, while in Chibarepo,
citizens correspond to the task executors.
In terms of the number of reports, Minarepo got 3667 reports by 65 city
workers during October 6, 2016 and March 20, 2018. On the other hand,
Chibarepo got 1873 reports by 3615 citizens during August 28, 2014 and
February 27, 2016. The number of reports per person is 56.41 for Minarepo
and 0.51 for Chibarepo, that is, it is clear that data collection by city work-
ers during their work is more efficient. Figure 5.15 shows the geographical
characteristic of Minarepo and Chibarepo by simple plotted data and its vi-
sualization based on kernel density estimation. From these comparison, we
can see that integration of participatory crowdsensing with civil officers can
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Visualization of reports by kernel density estimation 
Plot of each report (dot) and city region (red line)
Fujisawa City Chiba City
Fig. 5.15: Comparison of Minarepo Data in Fujisawa City (left) and Chibarepo
Data in Chiba City(right).
provide larger amount of data with high spatial coverage compared to citizen-
based participatory crowdsensing. This is considered to be due to the small
geographical bias in the range of activities and interests of city workers. On
the other hand, in the case of citizens, it is thought that a lot of information is
available in places where there are many users and within the interest range of
users. Since the task executors of Minarepo and Chibarepo are different, com-
prehensive evaluation can not be provided, though these results showed the
advantage of Minarepo in data collection efficiency and geographical coverage.
68
5.4.2 Feedback from the City Workers
To confirm the effectiveness of Minarepo, I conducted a questionnaire survey
to the city workers of platform owners, task setters and executors, providing a
free form text and 5-level agreement (1: strongly disagree, 2: partly disagree,
3: neither agree nor disagree, 4, partly agree, 5: strongly agree, 6: N.A.)
The survey was conducted in December 2018 via the web. A total of 28 city
workers responded to the questionnaire.
Feedback from the Platform Owners
As feedback from the platform owners, I got responses from 3 male city work-
ers between 40 and 50 years old. Firstly, they were asked whether they think
that Minarepo is being used to make Fujisawa City smarter. For this ques-
tion, 3, 4, 5 answers were obtained one by one. In order to investigate further
from the viewpoint of data collection and utilization, I asked how much infor-
mation collection and application to administrative work has been achieved
by Minarepo. 2 of them answered that based on data sufficiently obtained
from Minarepo, it is fully utilized for administrative activities and operations
and 1 of them answered that although data has been sufficiently obtained
from Minarepo, it has not been fully utilized for administrative activities and
operations. There was no one answered that data has not been sufficiently
obtained from Minarepo and it is not fully utilized for administrative activ-
ities and business too. From the result, in terms of data collection, it was
found that sufficient data collection could be realized by Minarepo, though I
found that there is still room for improvement in data utilization and data
collection of specific report types. Especially, report regarding road damage,
street lights, hot places, and disaster are considered that it can not be said
that the correspondence of administrative activities by Minarepo has become
more active compared with the conventional method. These reports were also
notified that in terms of information gathering, it is not said that the effi-
ciency was improved in comparison with the conventional method. Especially
reports on disasters are thought to be due to the fact that the event itself has
not occurred during the experiment, though as for these reports, since they
are not directly related to the work of garbage section, and also it has not yet
reached the actual operation stage, it is considered that information collection
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as well as utilization have not yet been done sufficiently. In addition to that,
there is a comment that there is a possibility of utilization with information
on items other than the current report type.
Regarding the introduction, I got the answer that information management
from the viewpoint of privacy protection was hard. In the future, when consid-
ering the overall development to other sections in city hall, such information
management for each section becomes necessary. Therefore, it would be neces-
sary to enable managing privacy protection on the platform, such as granting
access authorities to give information to each section as necessary. Also, there
are citizens who think that it is not desirable for city workers to use personal
smartphones, which is a barrier in advancing the introduction. Regarding the
operation, there is an answer that although an explanation of Minarepo was
given at the staff training, city workers did not understand its usefulness easily.
When applying participatory sensing into city administration, it is necessary
to hold such as briefing sessions, seminars etc. to gain understanding of citizen
as well as city workers. In addition, there is an opinion that management of
tablet cost and communication cost was serious.
As a whole, the opinion was obtained that efficiency of administrative work
and information sharing are considered to be effective. In the future, by clear-
ing the issues regarding the handling of personal information within the or-
ganization and gathering various other report types among different sections
including the current report type which is not yet utilized yet, the efficiency
of city’s operations would be further improved.
Feedback from the Task Setters
As feedback from the platform owners, I got responses from 7 city workers
between 30 and 50 years old. The answerers included 4 males and 3 females.
First of all, regarding the question as to whether he/she is satisfied with the
current report type, 3 people answered 3, 2 people answered 4 and 2 answered 5
(see Figure 5.16 Q1). There was no one who answered that a report type was
missing required for administrative work, though among the current report
types, there were some report types which are not directly related to their
work and thus they are not able to be utilized. Regarding the question as
to whether the current report item (e.g., correspondence level, picture, and
position information) is sufficient for response, 2 people answered 1, 3 people
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answered 2 and 4 people answered 4 (see Figure 5.16 Q2). The reason is
that only one image can be posted per report, and few letters can be entered
in the comment input field. In the question asking if the current number of
reports can be used for administrative work, 2 people answered 3, 3 people
answered 4 and 2 people answered 5 (see Figure 5.16 Q3). Some of them
answered that there were some reports that could not be dealt with yet. Next,
I asked questions about data utilization. In terms of data sufficiency, regarding
the question as to whether reported information is filled in sufficient amount
necessary for response, and it can be utilized for administrative work, 1 people
answered 2, 2 people answered 3, 3 people answered 4 and 1 answered 5
(see Figure 5.16 Q4). In terms of data trustfulness, regarding the question
as to whether reported information is accurate and can be fully utilized for
administrative work, 1 people answered 3, 4 people answered 4 and 2 answered
5 (see Figure 5.16 Q5). For these reasons, it turned out that the pins on the
map were sometimes misaligned, and it was sometimes necessary to examine
the reported places using more detailed maps. Regarding the time taken
to respond, 3 people answered that it was shortened by 5 to 10 minutes, 2
people responded that it depends on the case and 2 people answered that they
did not know since they were assigned to the garbage section after Minarepo
introduction. There is a comment that since the explanation time to the
worker became shorter and it also became possible to explain clearly, the
report that conventionally be dealt with the next day became possible to be
managed during the day. The number of reports handled per day did not
change very much, and there was no answer that it decreased.
In terms of usability of the web viewer, regarding the question as to whether
he/she had a lot of trouble getting used to operation of the web viewer, 1 people
answered 1, 4 people answered 2 and 2 answered 3 (see Figure 5.16 Q6). In
addition, regarding the question as to whether operation of the web viewer is
easy, 1 people answered 3, 3 people answered 4 and 3 people answered 5 (see
Figure 5.16 Q7). From these results, it turned out that the web viewer is easy
to understand operation at the time of deployment as well as use in operation.
They also answered that the difficulty at the time of introduction was that
cooperation with those who are not familiar with device operation, including
both task setters and executors. On the other hand at the time of operation,
they responded that there were some difficulties related to cooperation with
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task executors, operation rules and events that have not been reported. Future
improvement points and desired functions include comment editing function,
improvement of GPS accuracy and map display and output of report list for
statistics.
As a whole, it is clarified that Minarepo can be used for improving work
efficiency and responding various circumstances, and expected to introduce
it in other sections too. As the oral information transmission decreased, the
administrative work became efficient. In particular, it was found that the
explanation of the situation by photograph contributed very much to the op-
eration efficiency. In addition, Minarepo, which can communicate information
quickly and accurately among others, contributed not only to the reduction of
communication troubles among city workers but also to the reduction of such
troubles between city workers and citizens.
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Fig. 5.16: Result of questionnaire from the task setters (1: strongly disagree,
2: partly disagree, 3: neither agree nor disagree, 4, partly agree, 5: strongly
agree, 6: N.A.).
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Fig. 5.17: Result of questionnaire from the task executors (1: strongly disagree,
2: partly disagree, 3: neither agree nor disagree, 4, partly agree, 5: strongly
agree, 6: N.A.).
Feedback from the Task Executors
As feedback from the platform owners, I got responses from 18 city workers
between 20 and 60 years old. The answerers included 17 males and 1 female.
About the report application, regarding the question as to whether it is
easy to understand the operation of application, 1 people answered 2, 6 people
answered 3, 9 people answered 4, 1 person answered 5 and 1 person answered
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N.A (see Figure 5.17 Q1). Regarding the question as to whether it is easy to
operate the application, 2 people answered 2, 7 people answered 3, 7 people
answered 4, 1 person answered 5 and 1 person answered N.A (see Figure
5.17 Q2). Regarding the question as to whether instructions to be reported
are clear, 1 person answered 1, 3 people answered 2, 6 people answered 3,
and 8 people answered 4 (see Figure 5.17 Q3). Regarding the question as
to whether he/she had any trouble after the introduction until he/she got
used to it, 2 people answered 1, 5 people answered 2, 5 people answered 3,
2 people answered 4, 3 people answered 5 and 1 person answered N.A (see
Figure 5.17 Q4). For those 2 people who answered 5 to the question, it is
found that the reason is there was enough training on Minarepo at the time
of introduction, while 7 people replied that there was nothing in particular
regarding the difficulty at the time of introduction.
I also asked whether he/she thinks that the reporting task became more
efficient by Minarepo. About this question, 2 people answered 1, 1 person
answered 2, 3 people answered 3, 9 people answered 4, 2 people answered 5 and
1 person answered N.A (see Figure 5.17 Q5). Indeed, when asking how much
time it took for one report compared to that before introducing Minarepo, 3
people answered that the time did not change while 7 people answered that the
time was shortened. None of them answered the time increased. What is more,
out of the 7 people, 6 people answered that the time was shortened by 5 to 10
minutes. Compared with the conventional report creation time, the time spent
for each reporting has been shortened to about half by Minarepo. Of course,
the number varies depends on the task executor and report type. However,
there was no people who answered that the time spent for each reporting has
increased. As for all the other 8 people, they answered that they could not
compare it since they did not know things before the introduction of Minarepo.
Although the number of reports per day did not change very much, and there
was no answer that it decreased, it is expected that the number of reports will
increase in the future as reporting work can be done easily in a short time.
Regarding the difficulty at the time of operation, they responded that there
were some difficulties related to a system malfunction (e.g., reports could not
be sent), and they ended up using a phone as for during the work that they
could not contact using Minarepo. 5 out of 12 people answered that there
was nothing in particular. Future improvement points and desired functions
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include accurate display and improvement of map functions, improvement
of system bugs, and realization of information management linked only to
individual accounts.
Overall, although there were variations in individuals’ accustomed to manip-
ulating the mobile devices themselves, many positive comments were obtained
on the efficiency and convenience of Minarepo. As was also the case with the
feedback from task setters, in the future, a workshop should be held to support
people who are unfamiliar with mobile devices and its operations, and to pre-
vent recognition discrepancies about report type (i.e., improving the accuracy
of report content).
5.5 Summary
This chapter addressed the research on realizing efficient data collection inside
the organization, introducing the detailed platform design, implementation,
and evaluation results of Minarepo. Through the experimental deployment
for over 2 years in the garbage section of Fujisawa City, it is reported that
the time spent for each reporting has been shortened to about half and the
efficiency of administrative work was improved.
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Chapter 6
MinaQn
In this chapter, MinaQn is introduced, which embodies the
model b) where the platform owners and task setters belong
to the same organization but the task executors do not (see
Figure 6.1). MinaQn was designed and implemented assum-
ing to be used in civic survey of Fujisawa City, Chigasaki
City and Samukawa Town in Japan. This chapter details the
design, implementation, and evaluation of MinaQn.
set
execute
Platform owner
(Smart city promoter)
Task setter
Task executor
}
Fig. 6.1: Model b).
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Task setters(city workers)
Task executors(citizens)
set
execute
Platform owner
(city hall)
}
City conditions/events
Fig. 6.2: Participatory crowdsensing model where the platform owners and
task setters belong to the same organization (i.e., city hall) but the task ex-
ecutors (citizens) do not.
6.1 Administrative Daily Work for Citizens
In order to embody the model b), this time a city hall was chosen as the plat-
form owner, a city worker of the hall was chosen as the task setter, and citizens
were chosen as the task executors (see Figure 6.2). City workers provide and
improve urban services according to the needs of citizens. In the administra-
tive daily work for citizens, it is important to grasp required information from
citizens. For developing urban services to make a city better, there are mainly
two types of information required - general information and specific informa-
tion. General information include useful information in everyday life, such
as reporting of citizens’ disaster prevention consciousness, health condition,
demands to municipality and so on. Based on the general information and
also city events, task setters would need special information such as damaged
condition by typhoon, flowering situation of cherry blossoms and the number
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of kids who get flu around a task executor etc.
Traditionally, a citizen survey has been used as a typical way of collecting
such information from citizens in Japan. Many existing citizen surveys are
often carried out once a year. Besides, some question categories are common
every year, while some are different. Since the frequency of updating the
answer data is low, the data can not be gathered efficiently, especially with
respect to questions that are likely to cause change in answer data depending
on time and place. By adopting the dynamic task setting into city adminis-
trative daily work, it will be realized that city workers can collect accurate
information from citizens and quickly decide a plan of action based on the
information.
6.2 Platform Design
In order to obtain data sufficiency to utilize it to daily administrative work,
the platform was designed to enable city workers to dynamically manage tasks
so as to obtain various information from citizens. By doing so, it would be
possible to obtain answers to various questions in a short period of time. More-
over, it would be possible to obtain the latest answer to the question that the
answer changes daily. In this time, in order to reduce slander, all answer forms
were made a single choice rather than free text. In the platform, to realize
web based participatory crowdsensing using XMPP, the Bidirectional-streams
Over Synchronous HTTP (BOSH) technology [32] was used. BOSH is a mech-
anism to exchange XMPP protocol between a Web Browser and a BOSH server
over HTTP. So, a Web XMPP client will run in the browser and use BOSH to
communicate with the XMPP server. In the platform, an anonymous user was
used to handle the data from citizens for ensuring their privacy. Regarding
task executors, this time a certain number of task executors with a motivation
to participate is expected for the following reason. Fujisawa city, which is
one of the experiment sites, had been operated a website [13] since 1997 until
2017. On the website, citizens who became a member of the community could
send information on the city. From such efforts, Fujisawa City is famous for
cities that make use of advanced ICT, therefore Fujisawa citizens usually get
accustomed to posting opinions on local government over the Internet. Such
participation of citizens was also expected in this experiment.
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Fig. 6.3: Platform architecture of MinaQn with the whole flow of participatory
crowdsensing process.
Figure 6.3 shows the platform design of MinaQn with the whole flow of
participatory crowdsensing process. The flow can be divided into 5 main parts.
At first, city officer creates a new task as questionnaire by using authoring web
interface. After setting questionnaires, he can also choose which questionnaire
should be active. If he changed the questionnaire, the redirect destination URL
would be changed dynamically. Therefore, once a static questionnaire URL is
integrated with existing websites, it is not necessary to change a questionnaire
URL every time even if city officer changes a providing questionnaire. A new
sensing task will be created as a participatory crowdsensing virtual sensor
node. We designed an delivering data architecture for various applications
capable of ensuring security and scalability. Citizens can browse active sensing
tasks on the website and answer it anytime. After citizens answer the tasks,
the sensing data will be delivered through virtual sensor nodes to subscribers
of the nodes. In addition to real-time data delivery via PubSub functionality
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Fig. 6.4: Platform architecture of MinaQn.
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Fig. 6.5: WEB interface for authoring participatory crowdsensing tasks.
of MinaQn, collected data from citizens is also stored in a database as history
data. Finally, the city officer can see all sensing results, and citizens can also
see simple results without privacy data.
6.3 Implementation
Figure 6.4 shows the platform architecture of MinaQn. In order not to en-
force any installation of application in mobile devices of both city workers
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Click
ex)Fujisawa City's oﬃcial website Answer screen
Fig. 6.6: WEB interface for participating sensing tasks.
and citizens, a web application was implemented. For task setters, the web
application was implemented for managing tasks and browsing all reports. On
the other hand for task executors, the web application was implemented for
achieving tasks. The web application can be used through web browser of ar-
bitrary device such as PC, tablet, smartphone. For example, we assumed that
the task setter is a PC to be stored in the organization and the task executor
uses his smartphone. Therefore, there was no need to introduce equipment
specially for this platform operation.
As shown in Figure 6.5, on the top page of question management website
city workers can create a new questionnaire and manage the existing ones.
In order to make it easier for task setters to become familiar with the opera-
tions, the web viewer was made with a simple UI. About management existing
questions, you can see actual answer screen, check answer data, select which
question to carry out, and delete a question. The question accepting new an-
swers is shown in red-colored characters. This time, the city worker had no
experience in handling the work involved in a citizen survey. That is, there is
no compatibility between the task setting in Minarepo and the work so far, so
that we designed it so as not to overload the burden of introducing it to the
existing work.
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Fig. 6.7: 2 type of ways how citizens provide location information.
The web interface for contributing tasks is shown in Figure 6.6. In order
to make it easier for task executors to become familiar with the operations,
the web viewer was made with a simple UI. By clicking the question link on a
website, the question page is shown (see the right in Figure 6.6).
As far as we know, this is the first time for local government to conduct
participatory crowdsensing for citizens. It had not yet been known whether
citizens are willing to provide location information to local government. To
clarify that, we prepared two types of task categories that one includes lo-
cation information and another does not, and evaluated the number of posts
and the awareness of citizen’s location information provision. Regarding ques-
tions with location information, tasks were set assuming disasters. As for the
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Fig. 6.8: Different types of sensing data visualization: map-based (above) and
chart-based (Bottom).
questions assumed disasters, we prepared two ways where citizens can provide
location information as shown in Figure 6.7. One is to use the pinpoint that
provides the exact location where the task executor is. Another one is to use
the mesh that provides the number of mesh divided into 500 meters square
according to one’s location. One of them was randomly shown to participants.
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HTML Geolocation API [10] was used to get the geographical position of
a user. Since the API can compromise users’ privacy, location information is
not available unless a user approves it. As shown in Figure 6.8, the results
were visualized by 3D mapping with realtime data and a pie chart with history
data.
6.4 Experiment and Results
In order to validate MinaQn and overall approach, we carried out our experi-
ment in the three cities of Fujisawa City, Chigasaki City and Samukawa Town
in Kanagawa Prefecture. The populations were 40.9 million, 23.5 million and
4.7 million respectively in 2015. The experiments were carried out from Feb.
10 2015 to Feb. 24 2015. To have more task executors install applications, we
carried on a publicity campaign for the experiment via the official web pages
of the cities and NPOs. The link to the web page to participate in crowdsens-
ing was posted on the five websites [13, 17, 16, 18, 7] including the municipal
websites and city information websites operated by NPOs.
6.4.1 Results in case of Normal Conditions
Table 6.1 presents the participatory crowdsensing task results. The total num-
ber of obtained answers were 939. Each question category has one common
question which asks a place to live. As a remarkable result, there was a dif-
ference between quantitative data and qualitative data. For example, the
question about symptoms of hay fever was carried out 3 times and the dis-
tribution of answers differed clearly. As a result of questions, the probability
of complaining of the symptom increased in the order of Feb. 13, 17, 23.
However, according to the pollen count observation system by the Ministry of
Environment [22] ,the total detected pollen count of each day increased in the
order of Feb. 17, 13, 23. Although the geographical distribution and number
of participants are different from those of the system, it can still be said that
there is a possibility to discover the situation of city with qualitative data
by participatory crowdsensing, which can not be predicted with quantitative
data.
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Table 6.1: Participatory crowdsensing task results.
Date Question category
The number
of questions
The number
of answers
Feb. 10 Disaster prevention 3 173
Feb. 11 Health 3 82
Feb. 12 Eco-life 3 101
Feb. 13
Symptoms of
hay fever 2 77
Feb. 14 Disaster prevention 3 72
Feb. 15 Sleep degree 2 81
Feb. 16
Locally-grown and
locally-consumed 2 51
Feb. 17
Symptoms of
hay fever 2 62
Feb. 18
Location
and condition 5 166
Feb. 19 In Time of Disaster 2 72
Feb. 20 Health 3 41
Feb. 21
Location
and condition 5 173
Feb. 22 Crime Prevention 3 42
Feb. 23
Symptoms of
hay fever 2 44
Feb. 24 Disaster prevention 3 41
6.4.2 Results in case of Abnormal Conditions (with Location Infor-
mation)
The experiments were carried out in Feb. 18 and Feb. 21. The total number
of answers were 339 and the questions were about the places they live, their
gender, age and physical condition. According to an access log, a ratio of
users who did not shift from the explanation page to the actual question page
is 44.33% in the pinpoint version and 41.43% in the mesh version. There is
little difference in 2 types of providing location information, therefore when
natural disasters occur, citizens would not hesitate providing their location
information because of the privacy.
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6.4.3 Feedback from the Task Executors
To confirm the effectiveness of MinaQn, I conducted a questionnaire survey
to the task executors, providing a free form text and 5-level agreement (1:
strongly disagree, 2: partly disagree, 3: neither agree nor disagree, 4, partly
agree, 5: strongly agree). The survey was conducted via the web. In total, I
got responses from 160 participants of ages ranging from 10 to over 70 years
old (10-19 age : 1 (1%), 20-29 age : 24 (15%), 30-39 age : 51 (32%), 40-49
age : 42 (26%), 50-59 age : 14 (9%), 60-69 age : 16 (10%), 70- age : 12 (8%)).
The participants included 108 males (68%) and 52 females (33%).
First of all, in response to the question “Do you think that it is necessary to
have a mechanism that allows mutual information sharing among citizens and
the administration?”, 51 people (32%) answered 5, 83 people (52%) answered
4, 19 people (12%) answered 3, 4 people (3%) answered 2 and 3 people (2%)
answered 1. In fact, more than 80% of respondents answered they think that
it is necessary to share information between the city and citizens.
Also, in response to the question “Do you think that you may provide your
location information and attribute information to the administration in case
of emergency such as in a disaster?”, 55 (34%) answered 5, 85 people (53%)
answered 4, 16 people (10%) answered 3, 3 people (2%) answered 2 and 1 per-
son (1%) answered 1. About 90% of the citizens responded that they would
provide location information and private information to the city administra-
tive willingly. In other words, it can be said that it is very meaningful for both
the city and citizens to conduct participatory crowdsensing with location in-
formation added in the event of a natural disaster.
Finally, in response to the question “Do you think that you may provide
your location information and attribute information to the city administrative
for their daily administrative work?”, 6 people (4%) answered 5, 27 people
(17%) answered 4, 75 people (47%) answered 3, 34 people (21%) answered
2 and 18 people (11%) answered 1. Those who think that they can provide
their own information even in normal times decreased to 21%, about half of
the respondents answered 3.
As a main opinion obtained from the form of free text, comments on per-
sonal information provision were obtained, such as “Some people can manage
not only position information but also personal information even if they are
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exposed, others can not. Also, some people can not accept the exposure of
such information. On top of that, it is most important to explain in an easy-
to-understand manner how to utilize or hide information” and “I do not want
personal information to be grasped except when I provide it by my own inten-
tion.” Regarding citizen collaboration, the comments were obtained, such as
“I feel that it is necessary to build a platform for a system in which citizens,
companies and administrations (national, prefectural, municipal) cooperate
and collaborate” and “Regarding public utilization of digital infrastructure, I
think that there is no need to distinguish between city administration and pri-
vate enterprises.” When dealing with personal information including location
information, there are many citizens who place importance on clarifying the
timing of collection, the detailed content of information, and the use of infor-
mation. In addition, some citizens are felt the need for mechanisms for citizen
collaboration. Also, from the discussion with people of NPOs who cooperated
in the experiment, it is found that by sharing information among citizens, lo-
cal governments and related organizations via the Internet, relationships with
various people are created, and more citizens will participate in activities on
urban development to make it safer, safer, fun and convenient.
6.4.4 Feedback from the Platform Owner (Task Setter)
After the two-week experiment, we created a questionnaire summarized in
the below list and asked the feedback of the corresponding city employee of
Fujisawa City participated in the experiment. All the questions in the list
were answered in a free form. Besides, the questions of 1, 2 and 4 were asked
to provide a 5-level agreement (1: strongly agree, 2: partly agree, 3: neither
agree nor disagree, 4, partly disagree, 5: strongly disagree).
1. Do you think the platform is easy to use?
2. Do you think the platform will be effective to establish collaboration
between municipalities and inhabitants in the city?
3. In your opinion, how often will you use the platform after it is deployed
in your city?
4. Do you think the platform or similar ones is necessary in the future?
5. Please tell us if you have any idea or comment that the platform should
be improved.
88
6. What do you think the platform should be further investigated, if it is
applied to other cities of Japan or other countries?
At first, the answer to Question 1 is 3 (neither agree nor disagree). The
explanation for the answer was“The platform is still a prototype for trial.”We
guess this is because the interface of the platform to set queries was confusing
and the input rules are quite limited for setters, such as the query ID is
restricted to numbers and Latin characters, although it provides convenience
to switch between queries and browse the obtained data. Our guess is based
on the answer to Question 5, in which it is written that the interface and input
rules for query setting should be improved. In the future, we will improve the
interface and strive to reduce the input rules to alleviate the of city employees
and to avoid mis-operations, so as to improve the usability. Besides, the answer
to Question 2 is 1 (strongly agree), where the explanation is “It is relatively
convenient to obtain the comments from citizens in real time.”The answer to
Question 3 is“It depends”. The explanation is that“In addition to the case
that queries are regularly sent, the platform will be also effect in the cases that
queries are sent on demand”. Moreover, the answer to Question 4 is 1 strongly
agree. The reason is that the platform is not only useful in ordinary time, but
must be also useful in emergencies. Regarding Question 6, it is suggested that
“The ease of use, revision and maintenance of the platform should be further
improved”. In general, the result of the questionnaire shows that the city
employee agreed the requirement for the platforms like MinaQn and its value
in the future. However, further improvements are also expected.
6.5 Summary
This chapter addressed MinaQn where task setters can define and distribute
sensing tasks on the web platform, introducing the detailed design, imple-
mentation, and evaluation results. The experiment in cooperation with three
cities showed that 1278 response data were obtained in 2 weeks against daily
questions.
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Chapter 7
Lokemon
This chapter describes Lokemon, which embodies the model
c) where platform owners belong to a different organization
from task setters and task executors (see Figure 7.1). In this
model, where general users could be responsible for both task
setters and task executors, it is important to consider users’
motivation and concern about location information leakage.
To deal with these problems, Lokemon proposes a novel ap-
proach where participants act as virtual monsters to report
required information of PoI. This chapter details the design,
implementation, and evaluation of Lokemon.
set
execute
Platform owner
(Smart city promoter)
Task setter
Task executor
}
Fig. 7.1: Model c).
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Fig. 7.2: Lokemon overview based on model c).
7.1 Citizen-centric Urban Development
In order to embody the model c), this time Fujisawa City was chosen as
the platform owner and citizens in Fujisawa City were chosen as task setters
and executors (see Figure 7.2). Citizen-centric urban development (CUD),
also known as participatory planning [20], means that including citizen in the
process of urban development. Many cities are currently focusing on CUD
because CUD has great possibility to solve practical city problems with pre-
venting conflict between various stakeholders (i.e., citizens) in cities. One of
the key indicators in CUD is the level of active communication among citi-
zens. In urban development process, municipality wants to know problems
and latest information about cities to provide effective city services. If citi-
zen can actively provide information on cities and themselves, it helps city to
be more comfortable and reliable. By leveraging participatory crowdsensing
among citizens, there is a possibility that various information would be gath-
ered efficiently through the active communication. In Model c), as citizens
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voluntarily execute both setting and answering tasks, citizen engagement is
expected to be fostered. As a result, for the platform owner, it is expected
not only that the information gathering in the city will be activated but also
the quality of citizens’ lives and the awareness of the citizens in the whole city
will be improved.
7.2 Platform Design
This time citizens are either task setters or task executors. To collect urban
data from them, there is a need to create an environment where task set-
ters and task executors actively communicate. To gather both task setters
and executors, it is necessary to provide adequate incentives to motivate cit-
izens’ participation. Meanwhile, information will be shared between the task
setters and executors, so that it is expected that especially the risk of execu-
tors’privacy leakage such as location information should be reduced as much
as possible. To solve the issues simultaneously, a novel participatory crowd-
sensing approach is proposed, where participants act as monsters associated
with targeted locations when posting information. In this study, a platform
called Lokemon (Location monster) is developed, that encourages people to
post information about a specific sensing target, i.e., Point of Interest (PoI)
while acting as a monster virtually living there. It is expected that the use
of monsters will promote users to participant in crowdsensing inspired by the
related studies of behavior change promotion using avatars and anthropomor-
phic design (see Sections 7.2.4 and 7.2.5). This brings the following four
merits. Firstly, participants can be attracted and induced to visit a PoI by
showing monsters on a map and providing them required information. Sec-
ondly, users can ask a question to a monster instead of asking someone with
his/her username. By using known identity to interact with people, we acti-
vate and facilitate communication among users. Thirdly, by using a monster
as an alias when posting information, we entertain people and motivate them
to post information. It also hides users’ real identity making it easier for
users to post information while reducing the concern on leakage of location
privacy. Finally, multiple users can share a monster when they are simulta-
neously present within a PoI. A shared monster is a common identity of the
users, which narrows a talking target to one. This shared identity simplifies
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Fig. 7.3: Relationship between a Point of Interest and an area.
interaction among users. In all, Lokemon monsters serve as an intermediation
mechanism among cooperative people in participatory crowdsensing.
7.2.1 Point of Interest
In Lokemon, each PoI is associated with a monster. In order to guarantee that
only users within a PoI can report data, we define the following related areas
of PoI as shown in Fig. 7.3. The details about how the user’s role changes
and its effectiveness are described in the next section.
Mimicable area (MA) An area within which a user can act as a monster to
conduct participatory crowdsensing.
Contiguous area (CA) An area adjacent to the mimicable area within which
any user can get detailed information about the monsters of the mimi-
cable area.
Distant area (DA) Outside the contiguous area within which a user can get
detailed information about the monsters after they enter the mimicable
area and add the monster to their collection.
The MA of a PoI corresponds to the area within which the desired infor-
mation can be detected and is dependent on the specific PoI. For example, as
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Separated Overlapped Included
Fig. 7.4: Relationship between Point of Interests.
shown in Fig. 7.3, the MA of a bus stop is the area within which the conges-
tion level can be recognized. On the other hand, the MA of a shopping mall
should be larger than that of the bus stop. In our implementation, the MA
of a PoI is configurable. Besides, the MA of PoIs can overlap. For instance, a
bus stop can be located at a shopping mall. The relationship of PoIs can be
categorized into three types of separated, overlapped and included as shown
in Fig. 7.4.
7.2.2 Function
The functions of Lokemon are summarized as below:
F1. Find monsters on a map Monsters are displayed on a map according to
the locations of associated PoIs. From the map, users can find and
collect nearby monsters to get detailed information such as icons and
chat logs. Through finding monsters, we let users have interest in PoIs.
This function will eventually induce them to visit there so as to gather
participants.
F2. Ask monsters a question Users can ask a question regarding a PoI to the
monster. When someone wants to know information of a PoI, he/she can
initiate a sensing task on his/her required information to the monster
of the PoI. For example, one can ask a Busbie a question like “How
many people are waiting at the bus stop?” In the existing participatory
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Fig. 7.5: The comparison of the existing participatory sensing model and the
proposed Lokemon sensing model. In a typical participatory crowdsensing
model, a user sends sensor data using his/her user name. In the Lokemon
model, a user sends sensor data by using the name of the monster virtually
located at a sensing point.
crowdsensing models, users typically ask a question to someone with
his/her username. In the Lokemon model, users can ask to a monster
whose identity is known to the Lokemon platform users. Putting well-
known identity among users can activate and facilitate communication.
F3. Act as a monster to post information When a user enters the MA of a PoI,
he or she can act as a monster, which is considered to be virtually lo-
cated at the PoI, to post information pro-actively or reactively. Figure
7.5 shows a comparison between the typical participatory crowdsensing
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model and the Lokemon model. In a typical participatory crowdsensing
model, users send sensing data with their user names. In the Lokemon
model, by contrast, users send data in the name of the monster in the
PoI. By using a monster as a sender label, users can post information
without exposing their identities. This also reduces the concern on pos-
sible privacy leakage, since other users cannot know who is actually
reporting the data. Moreover, multiple users who are simultaneously
present within the same PoI can act as the same monster. This mech-
anism implements a shared identity among users and leads to a new
form of online communication. In previous participatory crowdsensing
model, people interact with one another directly (many-to-many com-
munication). In Lokemon, they interact with a monster (many-to-one
communication). In this way, by narrowing a talking target to one, we
simplify social interaction in participatory crowdsensing.
7.2.3 Sociological Theory behind Lokemon
The effect of acting as monsters to improve participation motivation can be
explained from the following sociological theories. First, the concept of posi-
tive/negative face in politeness theory [61] suggests that the use of monsters
provides a balanced distance between sensing participants and data requesters,
motivating users to participate in crowdsensing. In particular, the positive
face of a person refers to his/her self-esteem and the negative face refers to
the freedom to act. These two aspects of face are the basic wants in any
social interaction and people try to maintain each other’s face, which can be
seen as a cost of socialization. In Lokemon, monsters serve as a mediator
between sensing participants and data requesters so that the cost to main-
tain each other’s face in participatory crowdsensing is reduced. Second, the
dramaturgy theory [81] suggests that acting as a monster associated with a
PoI gives participants a psychological suggestion of participating in the cor-
responding sensing task. The theory suggests that a person’s identity is not
a stable and independent psychological entity, but rather gets remade as the
person interacts with others. In other words, people always have to be aware
of whether they are playing an expected role, or change their behaviors to
manage the impression they make on others. Since a monster in Lokemon
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can be seen as a metaphor of the associated PoI. It guides users to act as a
monster rather than themselves, thus increasing their motivation to partici-
pate in crowdsensing. For example, a user mimicking a Busbie of a bus stop
may think that the Busbie must be happy to provide related bus information
to others.
7.2.4 Behavior Change Promotion using Avatars
Lots of work have studied the use of avatars in virtual space communication
and demonstrated that avatars does place an effect on people’s behavior in
both real and virtual worlds. For example, Yoon et al. [133] investigated
whether certain types of avatars and avatar behaviors could promote pro- or
anti-social actions of humans in daily behavior. Rosenberg et al. [116] il-
lustrated the potential of using experiences in virtual reality technology to
increase pro-social behavior in the physical world. To our best of knowledge,
this work is the first attempt to promoting people’s participation in crowd-
sensing via avatars. Moreover, in Lokemon, each monster can be mimicked by
a group of people while in the aforementioned study each avatar can only be
manipulated by one person.
7.2.5 Anthropomorphic Design
Anthropomorphic design has been widely applied to mascot characters,
robotics, and entertainment games. Jetter et al. [92] explored how the
physical design of urban sensors can change citizens’ attitudes and perceptions
toward being sensed. They found that anthropomorphic design resulted in
greater engagement and trust while neutral or less visible designs created
rejection and anxiety. Osawa et al. [88] proposed a direct anthropomorphic
method that agentizes an artifact by attaching anthropomorphic parts to
it. The study indicated that the examinees noticed the target artifact and
memorized functions using direct anthropomorphism method more than
doing so using an independent humanoid-agent. Compared with these study,
our design applies an anthropomorphism of the property of location rather
than physical objects, which has not been studied before.
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Fig. 7.6: Platform architecture of Lokemon.
7.3 Implementation
The Lokemon platform is implemented as a client-server architecture. Fig-
ure 7.6 shows the platform architecture of Lokemon. Figure 7.7 shows the
screenshots of the smartphone application of Lokemon client.
On the client-side, users can register their information through a user reg-
istration module. The minimum information to be offered at the time of the
user registration is a user name and an icon image; any information that is
personal in nature is not required at all. On the map screen (Fig. 7.7-A),
users can see all monsters’ locations with one’s current position. By tapping a
monster on the map, users can see the detail of the monster (Fig. 7.7-B). The
search screen shows users if there is a mimicable monster around their current
positions (Fig. 7.7-C-1 and C-2). The reporting screen has a message UI-like
chat to help users to understand that they can talk to a monster (Fig. 7.7-D).
In the reporting screen, users can set as well as execute tasks, so that they
can participate as task setters and executors on the unified platform. The
real-time message between client and server is exchanged and stored via SOX.
On the server-side, several data are stored in a database, such as those
about registered users, monsters, and question & answer logs. Monsters are
registered through the Lokemon Registration Interface by entering a monster’s
name, image, location with latitude and longitude, and distance at which it
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Fig. 7.7: Screenshots of Lokemon (above) and Lokerepo (below). In Lokemon,
each PoI is expressed as a monster. When a user is within the PoI (i.e., within
BLE signal area), the user can report as the monster associated with the PoI.
can be mimicked. To detect a mimicable area, either BLE’s beacon or GPS is
used. In the case of using GPS, a distance is defined in meters. In the case
of using a BLE beacon, a mimicable distance is not defined but a flag of ”use
BLE” is set true and the corresponding BLE’s ID is defined. To reduce power
consumption of smartphones, we ensured that the GPS was turned on only
when the application went foreground. We notified users when they got a new
monster. A monster list is synchronized both on the client-side and server-side
when a new monster is registered on the server-side. To specify the role of a
user, the User Role Checker checks whether the user is in Lokemon-mode or
not. The algorithm for allocating a monster based on a user’s current posi-
tion is presented below, where the definitions of the corresponding variables
are summarized in Table 7.1. Inside the for loop, if the user has captured
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Table 7.1: Definitions of variables.
Variable Definition
LokemonInMimicableArea The collection of monsters
whose MA the user is in
LokemonInContiguousArea The collection of monsters
whose CA the user is in
LokemonInDistantArea The collection of monsters
whose DA the user is in
a new monster, the monster will be added to LokemonInMimicableArea and
the existing collection list (LokemonCaptured). LokemonGetInfo is the union
of LokemonInContiguousArea and the intersection of LokemonInDistantArea
and LokemonCaptured. LokemonMimicable is equal to the monsters in Loke-
monInMimicableArea. When the user is mimicable as a monster, the user
can answer a question from other users through the Answer Sender module.
Alternatively, when the user is not mimicable as a monster, the user can send
a question to the monster by using his/her user name. Questions or answers
are stored in the database on the server-side, and the information is subse-
quently notified to other users. All data is stored in PostgreSQL DB. We built
an Ubuntu server and used the Django web framework to provide API for
accessing/saving data from smartphones.
7.4 Experimental Evaluation
In this section we first present the experimental evaluation. To verify Loke-
mon’s effectiveness, we conducted campus-wide and city-wide experiments. In
the campus-wide experiment, we evaluated whether using monsters improves
people’s participation motivation. In the city-wide experiment, we examine
the effectiveness among various age groups.
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ALGORITHM 1: Allocate a monster based on a user’s current position
Input: LokemonAll: The collection of all monsters, LokemonCaptured: The
collection of monsters, DistanceMimicable: The maximum distance of MA,
DistanceContiguous: The maximum distance of CA
Output: LokemonGetInfo: The collection of monsters whose CA the user is in
and of those which have been captured by the user, LokemonMimicable: The
collection of monsters whose MA the user is in
1: for each i in LokemonAll do
2: if GetDistanceBetween(i, user) ≦ DistanceMimicable then
3: add i into LokemonInMimicableArea
4: else if GetDistanceBetween(i, user) ≦ DistanceContiguous then
5: add i into LokemonInContiguousArea
6: else
7: add i into LokemonInDistantArea
8: end if
9: end for
10: LokemonCaptured = LokemonCaptured ∪ LokemonInMimicableArea
11: LokemonGetInfo =
LokemonInContiguousArea∪ (LokemonInDistantArea∩LokemonCaptured)
12: LokemonMimicable = LokemonInMimicableArea
7.4.1 Campus-wide Experiment: Comparison between the Participa-
tions with and without Monsters
Experiment setting and prototype applications
In order to evaluate whether using monsters improves people’s participation
motivation, we implemented two iOS participatory crowdsensing applications,
one with monsters called Lokemon in this section and one without monsters
called Lokerepo in this section. In both applications, the users’ basic task is
defined as to report current information of a PoI. For each PoI, we prepared
a virtual noticeboard at the locations where participants could report current
information. The only difference between the two applications is as follows. In
Lokemon, participants can report sensing information by mimicking monsters,
which are virtually placed in a PoI (though those asking remotely were sup-
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Fig. 7.8: The locations of the nine PoIs and the monsters associated with each
PoI in the campus.
posed to use their usernames). In Lokerepo, on the other hand, participants
have to use their registered usernames every time they use the application.
The other functions, such as receiving notifications, and the interface design
for a map and posting messages, etc., are exactly the same in the two appli-
cations. Figure 7.7 shows the screenshots of two applications. Lokemon and
Lokerepo provide very similar usage for the users.
In our experiment, we defined nine PoIs in the campus as shown in Fig-
ure 7.8 - the theta building, bus stop, Subway fast food restaurant, three
buildings ”Iota,” ”Kappa,” and ”Omega,” ”Yukichi” statue, ”Gulliver” pond,
convenient store. Nine monsters were designed according to the property of
the PoIs. For example, the monster at the Subway restaurant looks like a BLT
102
sandwich. We also installed BLE beacon nodes in each PoI to detect whether
a user enters the MA of a PoI. The MA is set to be the area with a distance
less than 10 meters from the beacon. When a user enters the MA of a PoI, a
notification is sent to the user’s smartphone to be aware of the existence of the
PoI. Users with the Lokemon application can then act as a monster associated
with the PoI to post information.
In this experiment, we recruited 34 college students aged from 19 to 30.
We divided them into two groups (17 each) randomly. The experiment was
conducted from January 24th to February 28th, 2017. At the beginning of
the experiment, one group installed Lokemon and the other group installed
Lokerepo on their smartphones respectively. We required the users to turn on
the Bluetooth during the experiment, allowing notification of detected PoIs
from the application. To prevent possible bias, the usages of the applications
were explained to each participant independently and the participants were
not allowed to exchange information regarding the experiment. At the end
of the experiment period, we conducted a questionnaire survey to collect the
participants’ impression of the applications.
Result
In this section, we present the experiment result regarding motivation and
privacy leakage. Also, we discuss the impact of monsters on the users’ com-
munication.
Motivation to participate in crowdsensing
From the experiment, we received 153 messages in Lokemon, and 114 messages
in Lokerepo. Thus, Lokemon collected 134% numbers of messages compared
to Lokerepo. In addition, in the case of Lokemon, 72 out of 153 messages
(47%) were posted as a monster (i.e., posted from inside MA of the PoIs). On
the contrary, in the case of Lokerepo, only 24 out of 114 messages (21%) were
posted from inside MA of the PoIs. That is, Lokemon attracted more than
twice the messages from inside MA of the PoIs compared to Lokerepo.
Figure 7.9 shows the number of messages of each PoI. From Figure 7.9, we
can see that we only get very few messages regarding the PoIs of Theta, Iota,
Kappa, and Omega. This is mainly because those buildings are usually used
for lectures and the experiment was conducted during a spring vacation. For
the remaining PoIs, we can see that for the bus stop, Subway restaurant and
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Fig. 7.9: The comparison of the number of messages in Lokemon and Lokerepo
of each PoI.
Gulliver pond the Lokemon collected more messages than the Lokerepo, while
for the Yukichi statue and convenience store the Lokerepo got more messages
than the Lokemon. However, a more careful observation from the figure is
that for all the five PoIs the Lokemon got more messages from inside MA of
the PoIs than the Lokerepo. This result verifies that the Lokemon model can
motivate people to participate in crowdsensing objectively.
In order to investigate the impact on users’ motivation from a subjective
view, we conducted a questionnaire survey. In the survey, the participants
were asked to answer the following questions where the ratings of agreement
are: 1 = strongly disagree, 2 = partly disagree, 3 = neither agree nor disagree,
4 = partly agree, and 5 = strongly agree.
• Q1: Is it enjoyable to make a report from inside a PoI?
• Q2: Do you feel easy to report from inside a PoI?
• Q3: Does the application motivate you to make a report from inside a
PoI?
• Q4: Do you feel secure to make a report from inside a PoI?
The result of the participants’ responses are summarized in Table 7.2. From
the table, we can see that for Q1, Q2 and Q3 both the averages and modes
in Lokemon are larger than those of Lokerepo. For example, on average the
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Table 7.2: The number of people and ratings from the result of questionnaire.
The respective ratings of agreement are: 1 = strongly disagree, 2 = partly
disagree, 3 = neither agree nor disagree, 4 = partly agree, and 5 = strongly
agree. The number of answerers are 9 for Lokemon and 10 for Lokerepo,
respectively.
Ratings of
Rating
agreement
1 2 3 4 5 Avg. Mode SD Me.
Q1
Lokemon 1 0 2 4 2 3.7 4 1.2 4
Lokerepo 0 3 3 4 0 3.1 4 0.9 3
Q2
Lokemon 1 0 1 5 2 3.8 4 1.2 4
Lokerepo 0 5 4 1 0 2.6 2 0.7 2.5
Q3
Lokemon 1 0 5 1 2 3.3 3 1.2 3
Lokerepo 0 6 2 2 0 2.6 2 0.8 2
Q4
Lokemon 0 1 2 4 2 3.8 4 1.0 4
Lokerepo 1 5 2 1 1 2.6 2 1.2 2
users of Lokemon rewarded an enjoyable level of 3.7 while the Lokerepo only
achieved 3.1. The result of the questionnaire confirmed that Lokemon indeed
motivated people to participate in crowdsensing.
Concern on privacy leakage
In Table 7.2, we also summarized their concerns of privacy leakage (Q4). At
first, we can see from the table that the average of ratings of Lokemon is
3.8 greater than that of Lokerepo. Second, the mode of Lokemon is 4 and
the mode of Lokerepo is 2. This result confirms that the users of Lokemon
possessed less concern than those of Lokerepo. It might be explained as that
the users of Lokerepo may register a username containing privacy for the sake
of remembrance, leading to more concern of possible privacy leakage.
Impacts on communication among users
From the log of messages, we also found that there are significant differences
between the types of communication between the Lokemon and Lokerepo
users.
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1. Many-to-one communication (Lokemon) vs. many- to-many communi-
cation (Lokerepo): In Lokemon, participants usually asked questions
that spoke to the Lokemon such as ”Hey Subweei, what is your recom-
mendation today?” (posted by user C) or ”The wind seems to be strong
today, are you OK Busbie?” (posted by user B). On the contrary, in
Lokerepo, participants often addressed questions to ”someone” such as
”Does anyone know whether the Subway is open or not?” (posted by
user D). In other words, the users in Lokerepo were often concerned
about possible communication with unknown people. Lokemon provides
a more simple communication option from many users to one monster
(nevertheless, one monster is actually a role played by many people).
2. Casual communication (Lokemon) vs. Polite communication (Lok-
erepo): Another interesting observation in Lokemon was that
participants tended to communicate more casually compared with
those of Lokerepo. The questions those people asked to the monsters
are like ”Hey Busbie,” ”Are you cold?” or ”Thanks!.” The replies from
the monsters were also expressed in a casual or monster-like way such
as ”No one here!,” ”We are closed!,” with attaching onomatopoeia
at the end of messages to express the monster’s character, such as
”(messages) kapa!,” ”(messages) BusBus!” or ”(sentences) yo!.” This
onomatopoeia style was developed by the users themselves. On the
contrary, in Lokerepo, people tended to ask/answer questions in a more
polite way such as ”Could someone tell me whether the shop is open or
not?,” ”Thank you very much.” or ”Opening time in spring vacation is
from 11:00 to 15:00. (in a polite way in Japanese).” We consider that
Lokemon has the potential to enhance a friendly mood, making it easy
to participate.
Impacts on the contents of posted information
Besides, regular messages regarding PoIs we found that the users of Lokemon
also tends to share their personal feelings and actions which is not found in the
users of Lokerepo. For example, the users posted messages like ”It is cold and
lonesome without anyone at night” (posted by user A as Yukimon), ”Nobody
comes, I’m lonely kamo” (posted by user B as Kamokamo), ”I am hungry”
(posted by user C as Seikyon), and ”I am going to sleep now kapa!” (posted
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Fig. 7.10: The locations of the 12 PoIs and the monsters associated with each
PoI in Fujisawa city .
by user A as Kappan)). There are also questions asking monsters current
conditions and actions like ”Hey Kamokamo, how are you doing?” (posted by
user D as Kamokamo) and ”Kamokamo, what did you eat today?” (posted
by user C as Kamokamo). This can be explained by the dramaturgy theory
in that the users in a PoI is expected to act like the associated monster by
his/her-self and others also. Similar effects of avatar and anthropomorphic
design have also been reported in the literature [133, 116, 92, 88].
7.4.2 City-wide Experiment: Evaluating Lokemon’s Effectiveness
among Various Age Groups
Experiment setting
In order to further validate the effectiveness Lokemon among various age
groups, we conducted a city-wide experiment, where the Lokemon application
was distributed to citizens of different age groups. To facilitate the installation
of participants we uploaded our applications to the Apple App Store [36] and
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Fig. 7.11: The photos of the festival event(left) and the Lokemon booth(right).
Google Play Store [35]. We defined 12 PoIs within the festival area, including
nine locations in the event areas and three bus stops. Figure 7.10 shows the 12
PoIs and the associated monsters. In this experiment, we set the areas with a
distance less than 50 meters for the MA and 8 kilometers for the CA from the
central point of each PoI, respectively. GPS was used to measure the locations
of participants.
In order to gather participants, we conducted the experiment during the
Fujisawa citizens festival on September 23th and September 24th, 2017. More-
over, we set up a booth and advertised the experiment on a local paper, radio
show, and the official poster/website of the festival. During the experiment,
180 users installed the application in total. In order to have more people in-
stall the application, we gave a small gift to the participants who collected four
monsters out of five which are numbered as 1 to 5 in Fig. 7.10. Figure 7.11
shows the photos of the festival and the Lokemon booth. Citizens could come
to the booth for information such as installation guidance of the application.
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Table 7.3: The number of messages of each PoI
Monster (PoI)
The number of The number of
Total
messages as a messages as a
monster (from inside user name (from outside
MA of the PoIs) MA of the PoIs)
Akihamushi 50 13 63
Sunpearlunlun 44 19 63
Mina chan 15 17 32
Midorin chan 14 12 26
Mahiro 14 8 22
Oriparan 14 5 19
Busbie No.1 14 1 15
Yugyo-wrestler 10 4 14
Fujifuji 4 5 9
Busbie No.2 5 1 6
Me-tan 4 1 5
Busbie No.3 4 0 4
Others 7 15 22
Total 199 101 300
After the experiment, a questionnaire on user’s experience was carried out via
the application.
Result
In this section, we present the experiment result regarding motivation, privacy
leakage and the impact of monsters on the user’s communication.
Motivation to participate in crowdsensing
As shown in Table 7.3, we received 300 messages during the experiment. 199
messages were posted as a monster from inside MA of the PoIs and 101 mes-
sages were posted with a username from outside MA of the PoIs. We can
observe from the table that the number of messages as a monster is almost
double compared to those with a username. This is because the participants
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Table 7.4: The number of people and ratings from the result of questionnaire.
The respective ratings of agreement are: 1 = strongly disagree, 2 = partly
disagree, 3 = neither agree nor disagree, 4 = partly agree, and 5 = strongly
agree. The number of answerers is 39.
Ratings of agreement Rating
1 2 3 4 5 Avg. Mode SD Me.
Q1 4 0 10 10 15 3.8 5 1.3 4
Q2 3 4 10 14 8 3.5 4 1.2 4
Q3 1 10 13 8 7 3.3 3 1.1 3
Q4 4 0 10 13 12 3.7 4 1.2 4
Q5 1 10 13 8 7 3.3 3 1.1 3
proactively posted information regarding a PoI rather than just responding to
other’s queries. The monsters who got the most messages from the participants
are Akihamushi and Sunpearlunlun, each of which obtained 63 messages.
From the questionnaire, we got responses from 44 participants of ages rang-
ing from under 9 to over 70 (-9 age : 2, 10-19 age : 1, 20-29 age : 3, 30-39 age :
5,40-49 age : 15, 50-59 age : 11, 60-69 age : 4, 70- age : 1 and N.A. : 2). The
participants included 24 males and 18 females (N.A. : 2). In the survey, the
participants were asked to answer the following questions where the ratings of
agreement are: 1 = strongly disagree, 2 = partly disagree, 3 = neither agree
nor disagree, 4 = partly agree, and 5 = strongly agree.
• Q1: Is it enjoyable to make a report as a monster from inside a PoI?
• Q2: Do you feel easy to report as a monster from inside a PoI?
• Q3: Do you feel secure to make a report from inside a PoI?
• Q4: Do you think you become closer with other users?
• Q5: Do you think acting as a monster changes your linguistic expres-
sion?
The result of the participants’ responses are summarized in Table 7.4 and
Figure 7.12, respectively. From the table, an average enjoyable level of 3.8 and
a mode of 5 are reported for Q1. In particular, the average enjoyable levels
for all the four age groups are over 3 as shown in Figure 7.12a. Regarding Q2,
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Fig. 7.12: The average ratings by age group from the result of questionnaire.
the average and mode are 3.5 and 4. A more careful observation in Figure
7.12b is that the average rating of Q2 increases with age. The reason for
this observation can be explained as follows. From Figure 7.12e, we can see
that younger people tend to change their linguistic expression to speak in a
monster-like way, making them feel difficult to report. On the other hand,
the elderly is less affected by being a monster so that they just speak in a
normal way and feel easy to make a report. One possible solution to this
problem is to provide examples for each monster to teach participants how to
speak like a monster. Moreover, we asked the participants a multiple-choice
question if using Lokemon changed their activities. As a result, 52.3% of the
participants answered that they went to at least one PoI to collect monsters.
Further, 40.9% of the participants reported that they went to multiple event
areas. Only 9.1% of the participants answered that nothing had been changed
particularly about their activities. To sum up, Lokemon not only motivates
people to participate in crowdsensing but also attracts and induces them to
visit PoIs.
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Concern on privacy leakage
Regarding user’s concern on privacy leakage, an average rating of 3.3 and
a mode of 3 are reported for Q3 in Table 7.4. We further investigated the
correlation between Q1, Q2 and Q3. In particular, among the 25 participants
who reported enjoyable to mimic a monster only 3 of them gave a negative
answer (either ‘partly disagree’ or ‘strongly disagree’), while among the 4
participants who felt not enjoyable to mimic a monster 2 of them gave a
negative answer. In addition, among the 22 participants who felt easy to
report as a monster only 4 of them gave a negative answer, while among the 7
participants who felt not easy to report as a monster 4 of them gave a negative
answer. From Q3 Figure 7.12c, we can see that there is no significant difference
among age groups except the one under 19. We believe that the high rating of
the under 19 group is caused by that the current teenagers do not care about
their privacy due to the population of social network. From these results, we
found that participants who are motivated to post as a monster, also tend
to feel that the risk of privacy leakage is reduced. That is, Lokemon has a
potential to simultaneously solve the problems of motivation and privacy in
location-related crowdsensing.
Impacts on communication among users
We also observed a many-to-one and casual communication of users similar
to those in the previous experiment. Many people asked and replied with
the expression in a casual or monster-like way; for instance, ”The festival is
crowded maa”; ”There are a lot of people fuji.” Also, even though there was
no question, participants proactively posted messages like ”Deep-fried bread
is cheap and yummy!”; ”The streets are thronged with people!” In addition,
as shown in Table 7.4, more than half of the users felt that they became
closer with other users(Q4). For all the four age groups here we can observe a
trend from Figure 7.12d that Lokemon makes participants feel closer to others.
Moreover, people under the age of 19 or over the age of 60 reported extremely
high ratings that they become closer with other users. From the result of Q1,
the participants in these groups also tend to feel enjoyable when making a
report as a monster. This phenomenon verified that Lokemon reduces social
distance between users and thus they feel enjoyable when making reports.
From the result of Q5 in Figure 7.12e, the ratings decrease with age i.e.,
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younger people tend to be adapted more easily to act as a monster. One
possible reason is that younger people accustomed to role-play virtual monsters
since they play a lot of computer games in their daily life.
Impacts on the contents of posted information
Regarding the contents of posted information, most participants asked, or
replied to questions about the current situation near a PoI, such as the crowded
condition or food to be recommended. Besides, this time the experiment was
conducted at the festival, therefore there were many pieces of information on
the recommended items of the stalls, the excitement degree and the event
(e.g., ”Fried bread is too delicious!” (posted by user E as Sunpearlunlun),
”The festival was lively maa” (posted by user F as Me-tan), ”A comedy live
will be held at the exchange hall” (posted by user G as Yugyo-wrestler)). We
also observed information on the he user’s feelings and actions as seen in the
former experiment (e.g., ”Good morning, I am fine today, good weather, let’s
enjoy!” (posted by user H as Mina-chan), ”I came to the festival!” (posted by
user I as Oriparan)) . As a new discovery this time, we found that some users
processed contents to match characteristics and appearances of the monsters
by using metaphors (e.g., ”I cannot fly with a lot of smoke” (posted by user
J as Akihamushi), ”Grilled meat is delicious. I am a grass eater, though”
(posted by user C as Akihamushi)). Depend on different design of monsters,
posted content related to the monsters may vary.
7.5 Summary
This chapter introduced a platform called Lokemon where task setters and
executors can have free exchange of sensing tasks, introducing the detailed
design, implementation, and evaluation results. The experiment showed that
the effect of attracting users to Point of Interests (PoIs) was confirmed and
also the number of autonomous posting was attained about 2 times at the
maximum.
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Chapter 8
Discussion
Following the deployment and evaluation of the three plat-
forms, this chapter discusses the effectiveness, limitations
and future work of the proposed design. In this section, the
platform implemented based on Model a) (i.e., Minarepo) is
called platform a), the platform implemented based on Model
b) (i.e., MinaQn) is called platform b) and the platform im-
plemented based on Model c) (i.e., Lokemon) is called plat-
form c).
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8.1 Effectiveness
In this section, the effectiveness of the design is discussed, based on the eval-
uation of the three platforms. As a result of evaluation in the wild, it turned
out that the design contributes to the realization of efficient information gath-
ering. Regarding the platform a), through the experimental deployment for
over 2 years in the garbage section of Fujisawa City, it is clarified that the time
spent for each reporting has been shortened to about half and the efficiency of
administrative work was improved. Regarding the platform b), based on the
experiment in cooperation with three cities, 1278 response data were obtained
in 2 weeks against daily questions. Regarding the platform c), the effect of
attracting users to Point of Interests (PoIs) was confirmed and also the num-
ber of autonomous posting was attained about 2 times. Below, I will discuss
in detail the effect of the design.
Regarding the device introduction and operation cost, for the platforms a)
and b), it is necessary to prepare equipment (e.g., smartphones, tablets and
PCs) within organizations. This time, preparing the equipment in the orga-
nization and financing the communication cost was one of the serious things
to introduce and operate. I believe that future innovations in hardware will
enable us to distribute low-cost and high-performance devices. Nonetheless,
operation cost such as equipment introduction cost and communication cost
may be a big obstacle to introduction depending on the organization.
The participants of the experiments are those who are familiar with device
operation relatively, such as students belonging to universities of the infor-
mation system field and citizens of the city with an ideal environment to
exchange opinions on the Internet. It is considered that it was easy for such
people to became accustomed to device operation, and this simple and easy to
understand UI design leads to efficient reporting and task setting operation.
However, overall, it seemed to be hard for people who are not accustomed to
operating mobile devices to get used to operating applications. Even those
who took time to familiarize the device operation, some people said that quick
reporting could be realized after getting accustomed.
In the experiment of platform a), a task setting/management and report-
ing application for a staff was implemented. In the experiment of platform
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b), a task setting/management application for a staff and a task reporting
application for a citizen was implemented. In the experiment of platform c),
an application that can perform task setting/management and reporting on
the same interface was implemented. Task manipulation was realized in each
model toward different task setters/executors in real world. In each platform,
it was confirmed that the task operation was performed properly in the whole
experiment period.
In the sense of affinity/compatibility for living and work, maintaining com-
patibility with existing businesses and designing the platform in a form that
is easy to introduce to the business led to efficient data collection as well
as overall operations. On the other hand, it was found that in some cases,
the conventional reporting method may be more convenient, and it may be
necessary to operate with a hybrid.
With regard to data availability, in the evaluation of platform a), 5354 urban
data was collected over 2 years and it was confirmed that the amount of data
necessary for the existing work could be collected. Since one reporting time is
shortened to about half, it is expected that the number of reports will increase
in the future. Also, compared to participatory crowdsensing by people outside
the organization, the sensing by staff is found to enable collect spatio-temporal
data efficiently with a small number of people. In the evaluation of platform b),
for tasks similar to citizen surveys originally conducted once a year, 1278 urban
data including location information was collected during 2 weeks experiment
from task executors outside the organization. From this experiment, we were
able to acquire qualitative data making use of human perception such as pollen
feeling. Such data can be used for future municipal administration. In the
evaluation of platform c), the number of autonomous posting from inside PoIs
was attained about 2 times. From this experiment, we were able to acquire
qualitative data such as emotion and data on personal behavior. These have
the potential to be used for affective sensing in cities. Posts including slander
were not confirmed in the experiments. Data trustfulness was not evaluated
this time.
Regarding the installation cost, against task setters/executors who belong
to different organizations from platform owners, we conducted public relations
in collaboration with the cities and NPOs. The applications were distributed
through the Web and Apple store/Google play store with the city’s official
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recognition. At the time of the experiment of platform c), we distributed
applications to more people by offering gifts as installation benefits.
Regarding sufficient collection of task setters/executors, from the evaluation
of platform a), it was clarified that a certain number of posts can be obtained
by involving working staff in sensing. As for the platform b), it was targeted
to task executors who were motivated originally and we did not give specific
incentives to them for the experiment. As for the platform c), by approaching
that task executors can mimic a monster only when he/she is within a PoI,
voluntary postings from inside a PoI increased by approximately two times.
Also, it was found that there is a tendency for people to gather at PoIs which
many people feel attractive, and there is a difference in the number of task
setters/executors attracted by PoI.
As for concern about privacy leakage, with respect to the platform a), shar-
ing of location information and task contents within the organization by real
name posting was realized. In future, when similar platforms are used across
different departments and organizations, special attention must be paid to the
management of privacy. On the platform b), anonymous posting by citizens
was realized. In the experiment, two tasks consisting of with/without location
information were distributed. From the result, it was found that about half
of the task executors approved the provision of location information to the
municipalities, and it turned out that there was almost no difference in the
number of postings depending on the way of pinpoint position information
provision and mesh number provision. With respect to the platform c), the
approach of being able to mimic a monster that is associated with positions
and features of PoIs, and realized reduction of concern about privacy informa-
tion exposure by semi-annonymous posting. As a result, it was confirmed that
the proposed approach leads to reduce concern about privacy leakage when
posting from PoIs within a certain range.
Overall, as a result of the evaluation in the wild, the effect on efficient
information gathering was confirmed for the three platforms constructed by
the design. Nevertheless, there are limitations and future work concerning the
evaluation environment and data utilization. These are described in the next
section.
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8.2 Future Research Direction
Following the above discussion, this section presents the limitations, avenues
for future work on this research, and further research into participatory crowd-
sensing.
Responding to People Unfamiliar with Device Operation
There are various people in smart cities, with different ability to deal with
device operation. This time, I could not fully deal with people unfamiliar
with device operation. By creating universal UI/UX in the future, it will be
easy for people unfamiliar with device operation to report and set up tasks,
and a lot of information will be gathered efficiently from more people.
Hybrid Operation with Existing Collection Method
Although efficient information collection by participatory crowdsensing was
realized, in the evaluation of platform a), there are cases where it is more
efficient to communicate information through the telephone etc. which is the
conventional transmission method. With regard to such type of work, it is
considered that by combining participatory crowdsensing and conventional
transmission method, it would be possible to facilitate the entire work. At the
same time, when using conventional transmission methods, it is important to
accumulate information as digital data so that data can be utilized for future
city planning.
Motivation and Data Quantity
The period for evaluating the motivational effect was 36 days and 2 days for
the platform c). We did not give specific incentives to the task executors of
platform b). Generally, motivation tends not to continue as the period be-
comes longer, so it is necessary to obtain further knowledge on motivation
by conducting long-term evaluation in the future. Also, Lokemon’s approach
may have different effects in different cultures. It is necessary to evaluate
people who live in different educational backgrounds and cultures as well as
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people who use different languages. Also, the efficiency of information gath-
ering within an organization depends on the loyalty of task executors to the
organization. In other words, the degree of efficiency of information gathering
realized by participatory crowdsensing will change according to the awareness
of the work of the staff. Especially when tasks that are not directly related
to task executors are set, it may be effective by giving some incentives to the
staff even within the organization.
For task executors outside the organization, there was a bias in subject
attribute and subject’s interest in the group scale of this experiment. It is
difficult to collect geographically covered data by them. This time, the design
encouraged voluntary contribution of task executors. Various people live in
cities, though there are not necessarily people in the place where task setters
want information to be collected. Therefore, further research on letting people
go to places where task setters wish to collect and research on optimal place-
ment of human resources will make a contribution in future. Depending on the
size of PoI, the amount of obtained data will also change. The optimal size of
PoI can not be necessarily defined as it varies depending on the range in which
information desired by a platform owner exist and the population density as-
sumed within a PoI. If the range is too large, it will be difficult to specify the
exact posting location, and the motivational factors for becoming a monster
in Lokemon’s approach will weaken. If the range is too small, there is another
concern about privacy leakage for task executors (see next subsection). In this
dissertation, we confirmed that Lokemon’s approach is effective with PoI with
a radius of 50 meters. In the future, it is necessary to change the range at
similar places and to evaluate them. Moreover, for spatio-temporal data that
could be missing in the time zone such as late night and early morning, or
where people are difficult to visit, data can be predicted and complemented
based on past data and the data obtained in the surroundings. Though it is
sometimes desirable in the end that someone actually goes to a PoI and report
the situation in real time, such an approach is effective since it also leads to
predictive input of a report, reducing the burden on task executors.
Group Size and Geographical Size
This time the experiments at university and city events were conducted. Re-
garding group size and geographical size, there are fears that the concern about
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the leakage of location information may increase in places where the number
of people is too small or the target range is too narrow. Under these circum-
stances, there is a possibility of reducing concerns about privacy exposure by
moderating temporal and spatial constraints. For example, instead of imme-
diately displaying a post, time constraints can be expanded by displaying the
post after a certain period of time since a task executor left a mimicable area.
It is also conceivable to expand the spatial restriction of PoI by dynamically
changing the scope of a mimicable area. In the future, I should evaluate such
approaches where population density is assumed to be low in PoI or where
PoI range is narrow.
Trustfulness and Slander
When introducing the platform on a larger scale in the future, it is expected
that troubles about authenticity and slander will occur. For data trustfulness,
it is necessary to take countermeasures such as detecting fake content by using
the techniques mentioned in the related work. Slander did not become a
problem in this experiment, though it cannot be said that it is acceptable in
other cases. Considering the application of design to larger scale organizations
and people in the future, it is necessary to take measures such as automatically
detecting slander words and deleting them from the screen by the techniques
mentioned in the related work.
Data utilization
In this dissertation, improving the efficiency of information gathering and
utilizing each piece of data have been done so far. Thus, utilization of a set
of obtained data is a future task. Analyzing the data can result in finding
new features in cities. In particular, since image data for each report type
can be thought of as being labeled with events by humans, by using such
data for machine learning, automatic discrimination of report type by image
can be expected in the future. By analyzing past data accumulated in large
quantities, it would be also possible to predict future events. What is more,
visualization of data enables us to see cities from a higher perspective and make
more accurate decisions in city planning or managing. As a tool of visualizing
city-scale data, researchers have proposed a variety of tools [126, 97, 124, 3].
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I am considering combining these tools with the obtained data in the future.
Cooperation with different platforms and heterogeneous sensors
Another future work is to enable exchange of information among different
platforms and heterogeneous sensors. In this dissertation, the platforms were
implemented and evaluated independently. In the future, it is expected that
data will be exchanged with other platforms. For example, based on data
obtained by a platform based on model b), it is conceivable to set related
tasks and execute sensing in model a). In such a case, if task operations can
be performed between platforms, it would be easier to set tasks. It is also
conceivable to share the same platform among multiple organizations. In that
case, it is necessary to carefully consider the handling of personal information.
In addition, it is also a future task to increase the type of handled data (e.g.,
data from physical sensors, cameras, web pages), not limited to data from
participatory crowdsensing. By analyzing and utilizing heterogeneous sensor
data in combination, it becomes possible to capture cities diversely. Using
these data, more efficient sensing becomes possible too. For example, it is
conceivable to change the task executor according to the situation, such as a
physical sensor at a steady state and a human sensor at a time of abnormality
[114, 118, 117].
Evaluation in Different Organizations
Smartcity promoters are supposed to be in various organizations. Therefore, in
each model, evaluation in different organizations is necessary. As for Minarepo,
trial demonstration has already been done in Chigasaki City and Samukawa
Town, and future experiments are scheduled in domestic and foreign cities
such as Yokosuka City in Japan and Bristol City in England in the future.
Promoting the Installation of Application
To collect more information, it is necessary to remove psychological barriers
when installing participatory crowdsensing applications on your smartphone
or accessing related web pages. Particularly there are users who are hesitant
about installing applications and accessing web pages due to concerns that
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privacy data such as location information will leak out. In order to alleviate
the burden of such users, it is conceivable to provide incentives to promote
installation, or to ensure realiablitiy through authentication of applications
by public institutions. In MinaQn, we tried to secure certain reliability by
attaching a link that can participate in sensing from the official website of
the city and the official web page of NPO organization. In Lokemon, the
application was announced and distributed as an official application of the
city and we promoted installation by giving premiums to users who caught the
specific monsters in the application. As an approach to get more users to install
an application in the future, it is conceivable to give other incentives (e.g.,
granting points during installation and adding in-app gaming), to tie up with
municipalities and major companies, to make an application that conforms
to guidelines on information management established by public institutions
such as the national government and local governments, to authenticate and
distribute applications through trusted distributors of applications such as
Apple and Google, etc.
Participatory Crowdsensing Environment
Sometimes it is impossible to properly build a sensing environment because
it is not possible to prepare a sufficient number of devices due to financial
problems at the time of introducing the platform or communication costs at
the time of operation. Also, there may be the case where device operation
of staff may not be regarded as work from people outside the organization.
Even if participatory crowdsensing is introduced in such a situation, it will be
difficult to realize efficient information gathering. Solving these issues in the
future will lead to effective urban sensing in smart cities.
Dissemination activities of platform introduction
The next step is, based on the design proposed in this dissertation, to increase
the introduction of participatory crowdsensing platforms. First of all, it is
important to have the usefulness of participatory crowdsensing widely known.
By conducting public relation activities, study sessions, workshops, etc., op-
portunities will increase for more people to know. Then, testing the platform
for a certain period of time will draw people’s interest in the introduction
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and lead to practical operation. Also, to increase the number of smart city
promoters is an important future work for promoting the application of the
platform. By introducing a participatory crowdsensing platform to more var-
ious organizations, management of the whole city can be made more efficient.
8.3 Summary
The chapter discussed the effectiveness, limitations and future work of the
proposed design. The experimental results in the wild showed that participa-
tory crowdsensing by the proposed design contributes to efficient information
gathering in cities. Then, the limitations and future work of this research
were described. Further research into participatory crowdsensing should be
work on such as responding to people unfamiliar with device operation, mo-
tivation, data quantity, data quality, the environmental improvement, data
utilization, evaluation in different environments, cooperation with different
platforms/sensors and dissermination activities of platform introduction.
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Chapter 9
Conclusion
This dissertation studied the design of participatory crowdsensing platform
for practically developing them into cities to enable efficient information col-
lection for the development of smart cities. The participatory crowdsensing
platform proposed in this dissertation consists of two parts, a common part
and an individual part. The common part is a sensor streaming infrastructure
for participatory crowdsensing, to make data distribution and preservation be-
tween other platforms easier. The individual part is to realize data collection
and utilization. Taking into account the relationships among task setters, task
executors and platform owners, three models were proposed: in the cases of
a)platform owners, task setters and task executors belong to the same organi-
zation, b)platform owners and task setters belong to the same organization but
task executors do not, and c)platform owners belong to a different organiza-
tion from task setters and task executors. According to the proposed models,
we conducted field experiments and evaluated the performance to validate the
effectively and the efficiency of our proposals. Regarding a), Minarepo is pro-
posed to realize efficient data collection inside the organization. Through the
experimental deployment for over 2 years in the garbage section of Fujisawa
City, it is clarified that the time spent for each reporting has been shortened
to about half and information collection that can be utilized for administra-
tive work was achieved. Regarding b), MinaQn is proposed where task setters
can define and distribute sensing tasks on the web platform. Based on the
experiment in cooperation with three cities, 1278 response data were obtained
in 2 weeks against daily questions. Regarding c), a platform called Lokemon
is proposed where task setters and executors can have free exchange of sensing
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tasks. From our experiments, the effect of attracting users to Point of Interests
(PoIs) was confirmed and also the number of autonomous posting was attained
about 2 times. The experimental results in the wild showed that participa-
tory crowdsensing by the proposed design contributes to efficient information
gathering in cities. Further research into participatory crowdsensing should
be work on such as responding to people unfamiliar with device operation,
motivation, data quantity, data quality, the environmental improvement, data
utilization, evaluation in different environments, cooperation with different
platforms/sensors and dissermination activities of platform introduction.
Participatory crowdsensing platforms have not been widely deployed yet de-
spite the fact that the environment for applying participatory crowdsensing on
urban scale has been in place. Using participatory crowdsensing appropriately,
efficient information gathering can be realized. By introducing a participatory
crowdsensing platform into cities, it is expected to improve people’s quality
of life while efficiently solving various city issues resulted from the population
growth. The data obtained by participatory crowdsensing is urban data linked
with spatio-temporal information. Therefore, by analyzing the accumulated
data, there is a possibility that the situation of the city can be predicted. If
we can predict the situation of the city, it will be possible to plan policies
and measures to deal with the situation in advance, and to carry out effective
urban management. In addition, posting data including pictures and events
on the spot can be used as data labeled by human perception. By using these
data for analyzing image data obtained from a vehicle-mounted camera such
as a drive recorder, it is considered that the situation of the city can be au-
tomatically grasped in the future. Such promotion of smart city construction
by ICT will promote the sustainable development of the whole planet.
Urbanization of the world will continue to progress. Computers have inno-
vated people’s lives over the past several decades, and their work will be further
accelerated in the future due to the evolution of technologies. I sincerely hope
that this dissertation contributes as a platform design that helps to grasp the
rapidly changing urban situation and leads to urban service development for
smart cities.
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ASensor-Over-XMPP extended
specification
The XML specification that extends Sensor-Over-XMPP in
this dissertation is listed below.
Source A.1: Sensor-Over-XMPP extended specification 
1 <?xml version=’1.0’ encoding=’UTF -8’?>
2 <xs:schema
3 xmlns:xs=’http ://www.w3.org /2001/ XMLSchema ’
4 targetNamespace=’http :// jabber.org/protocol/sox’
5 xmlns=’http :// jabber.org/protocol/sox’
6 elementFormDefault=’qualified ’>
7
8 <xs:annotation >
9 <xs:documentation >
10 The protocol documented by this schema is defined in
11 XEP -????: http:// xmpp.org/ extensions /xep -????. html
12 </xs:documentation >
13 </xs:annotation >
14
15 <xs:element name=’device ’>
16 <xs:complexType >
17 <xs:sequence >
18 <xs:element minOccurs=’0’ maxOccurs=’unbounded ’ ref=’transducer ’/>
19 <xs:element minOccurs=’0’ maxOccurs=’unbounded ’
20 ref=’geoloc ’ xmlns=’http :// jabber.org/protocol/geoloc ’/>
21 <xs:element minOccurs=’0’ maxOccurs=’unbounded ’ ref=’property ’/>
22 </xs:sequence >
23 <xs:attribute name=’name’ type=’xs:string ’ use=’required ’/>
24 <xs:attribute name=’id’ type=’xs:string ’ use=’required ’/>
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25 <xs:attribute name=’type’ type=’deviceType ’ use=’required ’/>
26 <xs:attribute name=’timestamp ’ type=’xs:datetime ’ use=’optional ’/>
27 <xs:attribute name=’description ’ type=’xs:string ’ use=’optional ’/>
28 <xs:attribute name=’serialNumber ’ type=’xs:string ’ use=’optional ’/>
29 </xs:complexType >
30 </xs:element >
31
32
33 <xs:simpleType name=’deviceType ’>
34 <xs:restriction base="xs:string">
35 <xs:enumeration value=’indoor weather ’/>
36 <xs:enumeration value=’outdoor weather ’/>
37 <xs:enumeration value=’hvac’/>
38 <xs:enumeration value=’occupancy ’/>
39 <xs:enumeration value=’multimedia input’/>
40 <xs:enumeration value=’multimedia output ’/>
41 <xs:enumeration value=’scale’/>
42 <xs:enumeration value=’vehicle ’/>
43 <xs:enumeration value=’resource consumption ’/>
44 <xs:enumeration value=’resource generation ’/>
45 <xs:enumeration value=’participatory ’/>
46 <xs:enumeration value=’other’/>
47 </xs:restriction >
48 </xs:simpleType >
49
50 <xs:element name=’transducer ’>
51 <xs:complexType >
52 <xs:sequence >
53 <xs:element minOccurs=’0’ maxOccurs=’1’
54 ref=’geoloc ’ xmlns=’http :// jabber.org/protocol/geoloc ’/>
55 <xs:element minOccurs=’0’ maxOccurs=’unbounded ’ ref=’property ’/>
56 <xs:element minOccurs=’0’ maxOccurs=’unbounded ’ ref=’choiceList ’/>
57 </xs:sequence >
58 <xs:attribute name=’name’ type=’xs:string ’ use=’required ’/>
59 <xs:attribute name=’id’ type=’xs:string ’ use=’required ’/>
60 <xs:attribute name=’units’ type=’allowedUnits ’ use=’required ’/>
61 <xs:attribute name=’unitScaler ’ type=’xs:integer ’ default=’0’/>
62 <xs:attribute name=’canActuate ’ type=’xs:boolean ’ default=’false ’/>
63 <xs:attribute name=’hasOwnNode ’ type=’xs:boolean ’ default=’false ’/>
64 <xs:attribute name=’transducerType ’ type=’allowedTransducerType ’ use=
’optional ’/>
65 <xs:attribute name=’transducerTypeName ’ type=’xs:string ’ use=’
optional ’/>
66 <xs:attribute name=’manufacturer ’ type=’xs:string ’ use=’optional ’/>
67 <xs:attribute name=’partNumber ’ type=’xs:string ’ use=’optional ’/>
68 <xs:attribute name=’serialNumber ’ type=’xs:string ’ use=’optional ’/>
69 <xs:attribute name=’minValue ’ type=’xs:float’ use=’optional ’/>
70 <xs:attribute name=’maxValue ’ type=’xs:float’ use=’optional ’/>
71 <xs:attribute name=’resolution ’ type=’xs:float ’ use=’optional ’/>
72 <xs:attribute name=’precision ’ type=’xs:float ’ use=’optional ’/>
73 <xs:attribute name=’accuracy ’ type=’xs:float’ use=’optional ’/>
74 </xs:complexType >
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75 </xs:element >
76
77
78 <xs:element name=’choiceList ’>
79 <xs:complexType >
80 <xs:sequence >
81 <xs:element minOccurs=’0’ maxOccurs=’unbounded ’ ref=’choice ’/>
82 </xs:sequence >
83 </xs:complexType >
84 </xs:element >
85
86 <xs:element name=’choice ’>
87 <xs:complexType >
88 <xs:attribute name=’value’ type=’xs:string ’ use=’required ’/>
89 <xs:attribute name=’label’ type=’xs:string ’ use=’optional ’/>
90 </xs:complexType >
91 </xs:element >
92
93 <xs:simpleType name=’allowedTransducerType ’>
94 <xs:restriction base="xs:string">
95 <xs:enumeration value=’temperature ’/>
96 <xs:enumeration value=’illuminance ’/>
97 <xs:enumeration value=’orientation ’/>
98 <xs:enumeration value=’airPressure ’/>
99 <xs:enumeration value=’windSpeed ’/>
100 <xs:enumeration value=’soundNoise ’/>
101 <xs:enumeration value=’no’/>
102 <xs:enumeration value=’no2’/>
103 <xs:enumeration value=’co’/>
104 <xs:enumeration value=’co2’/>
105 <xs:enumeration value=’so2’/>
106 <xs:enumeration value=’ox’/>
107 <xs:enumeration value=’pm2.5’/>
108 <xs:enumeration value=’latitude ’/>
109 <xs:enumeration value=’longitude ’/>
110 <xs:enumeration value=’altitude ’/>
111 <xs:enumeration value=’singleChoice ’/>
112 <xs:enumeration value=’multipleChoice ’/>
113 <xs:enumeration value=’freeText ’/>
114 <xs:enumeration value=’freeNumber ’/>
115 <xs:enumeration value=’other’/>
116 </xs:restriction >
117 </xs:simpleType >
118
119
120 <xs:simpleType name=’allowedUnits ’>
121 <xs:restriction base="xs:string">
122 <xs:enumeration value=’meter’/>
123 <xs:enumeration value=’gram’/>
124 <xs:enumeration value=’second ’/>
125 <xs:enumeration value=’ampere ’/>
126 <xs:enumeration value=’kelvin ’/>
140
127 <xs:enumeration value=’mole’/>
128 <xs:enumeration value=’candela ’/>
129 <xs:enumeration value=’radian ’/>
130 <xs:enumeration value=’steradian ’/>
131 <xs:enumeration value=’hertz’/>
132 <xs:enumeration value=’newton ’/>
133 <xs:enumeration value=’pascal ’/>
134 <xs:enumeration value=’joule’/>
135 <xs:enumeration value=’watt’/>
136 <xs:enumeration value=’coulomb ’/>
137 <xs:enumeration value=’volt’/>
138 <xs:enumeration value=’farad’/>
139 <xs:enumeration value=’ohm’/>
140 <xs:enumeration value=’siemens ’/>
141 <xs:enumeration value=’weber’/>
142 <xs:enumeration value=’tesla’/>
143 <xs:enumeration value=’henry’/>
144 <xs:enumeration value=’lumen’/>
145 <xs:enumeration value=’lux’/>
146 <xs:enumeration value=’becquerel ’/>
147 <xs:enumeration value=’gray’/>
148 <xs:enumeration value=’sievert ’/>
149 <xs:enumeration value=’katal’/>
150 <xs:enumeration value=’liter’/>
151 <xs:enumeration value=’square meter’/>
152 <xs:enumeration value=’cubic meter ’/>
153 <xs:enumeration value=’meter per second ’/>
154 <xs:enumeration value=’meter per second squared ’/>
155 <xs:enumeration value=’reciprocal meter’/>
156 <xs:enumeration value=’kilogram per cubic meter ’/>
157 <xs:enumeration value=’cubic meter per kilogram ’/>
158 <xs:enumeration value=’ampere per square meter’/>
159 <xs:enumeration value=’ampere per meter’/>
160 <xs:enumeration value=’mole per cubic meter ’/>
161 <xs:enumeration value=’candela per square meter ’/>
162 <xs:enumeration value=’kilogram per kilogram ’/>
163 <xs:enumeration value=’volt -ampere reactive ’/>
164 <xs:enumeration value=’volt -ampere ’/>
165 <xs:enumeration value=’watt second ’/>
166 <xs:enumeration value=’percent ’/>
167 <xs:enumeration value=’enum’/>
168 <xs:enumeration value=’lat’/>
169 <xs:enumeration value=’lon’/>
170 <xs:enumeration value=’string ’/>
171 <xs:enumeration value=’image’/>
172 </xs:restriction >
173 </xs:simpleType >
174
175 <xs:element name=’property ’>
176 <xs:complexType >
177 <xs:attribute name=’name’ type=’xs:string ’ use=’required ’/>
178 <xs:attribute name=’value’ type=’xs:string ’ use=’required ’/>
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179 </xs:complexType >
180 </xs:element >
181
182 <xs:element name=’data’>
183 <xs:complexType >
184 <xs:sequence >
185 <xs:element minOccurs=’0’ maxOccurs=’unbounded ’ ref=’
transducerValue ’/>
186 <xs:element minOccurs=’0’ maxOccurs=’unbounded ’ ref=’
transducerSetValue ’/>
187 </xs:sequence >
188 </xs:complexType >
189 </xs:element >
190
191 <xs:element name=’transducerValue ’>
192 <xs:complexType >
193 <xs:attribute name=’id’ type=’xs:string ’ use=’required ’/>
194 <xs:attribute name=’typedValue ’ type=’xs:string ’ use=’required ’/>
195 <xs:attribute name=’timestamp ’ type=’xs:datetime ’ use=’required ’/>
196 <xs:attribute name=’rawValue ’ type=’xs:string ’ use=’optional ’/>
197 </xs:complexType >
198 </xs:element >
199
200
201 <xs:element name=’transducerSetValue ’>
202 <xs:complexType >
203 <xs:attribute name=’id’ type=’xs:string ’ use=’required ’/>
204 <xs:attribute name=’typedValue ’ type=’xs:string ’ use=’required ’/>
205 <xs:attribute name=’rawValue ’ type=’xs:string ’ use=’optional ’/>
206 </xs:complexType >
207 </xs:element >
208 </xs:schema >
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